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PREFACE Old Edition 


Itook up preparing the book on the basis. of the syllabus 
forwarded by the council of Higher Secondary Education to the 
West Bengal Publishers and Book Sellers’ Association. From time 
to time the Council forwarded modifications. These have been 
accommodated. Nevertheless the printed syllabus differed in some 
minor respects from what was forwarded to the association. 
Though they did not require any substantial modification of the 
text, the author regrets the deletion of reference to the SI units. 
The topmost international scientific bodies strongly advocated the 
use of one system only (Syste’me International ) for all scientific 

- measurements all over the world. West Germany accepted it 
even for domestic purposes. But in our country school children 
are still required to learn systems of units. This is entirely 
unnecessary. Incidentally it may be noted that the council for 
Indian School certificate have issued clear instructions for the 
exclusive use of SI units for their examinations (Classes XI to XII). 
I wonder why our syllabus framers are so indifferent about 
international units and symbols, as well as the way how to use 
‘them. With the financial support of the Unesco a booklet entitled 
‘Symbols, units and Nomenclature in Physics’ was circulated around 
1967 by the NCERT to all institutions of higher educations in 
India. Authors, research workers, writers of popular scientific 
articles from the rest of India’ are following the International 
Recommendation contained in the pamphlet. But in our own state 
ofjWest Bengal we find very little evidence of it. 

I have tried in this book to-give the student some aquaintance 
with Sl units and the their handling. As there is talk of syllabi 
being soon revised and lightened, I do fervently hope more 
attention wiil bz paid tothe SI units and obsolete topics dropped 
from the course.. What matters primarily is to determine the 
purpose of the physics course. Should it be part of-a General 
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Science course or a prepatory course for higher studies ? I fear 
the two purposes cannot be successfully combined. The present 
course seems to support my apprehension. 

The syllabus might have advised the use of modern nomenclature 
such as Relative density for specific gravity, spzcific heat capacity 
for specific heat, specific latent heat for latent heat. The word 
specific is at present used in the sense ‘per unit mass’. The usage 
should be encouraged. Since heat is energy, the ‘calorie’ is dropping 

‘out of use and the ‘joule’ is used as the unit of heat. Such usage 
has the added advantage of doing away with the ‘mechanical 
equivalent of heat.’ Let us hope that the new syllabus will be 
more uptodate in such matters. 

When a page limit is prescribed fora book it is necessary that 
the maximum number of pages to be allotted to the main. topics be 
at the same time’ be ‘specified. Otherwise, there will be too much 
variation from book to book, creating confusion among the students 
and teachers alike. An approximate page limit is desirable ; but 
wasting space by printers for profit may alone make a difference of 

` 10% or more in the same text. 

Let us hope that the relevant successor authorities will look 


into these matters. 
D. P, Re 
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PREFACE ( New Revised Edition ) 


The above provides an insight to the depth and sincerity of 
purpose for improving the teaching of Physics in West Bengal 
evinced by Dr. D. P. Raychaudhuri in this his last text book for 
our students. A teacher who became a legend in his life time, 
characterised by a perceptive and grateful young colleague asa 
teacher of teachers, seems to have*cried in vain for rationalising 
and modernising our approach to teaching of physics in West 
Bengal. We seem to remain immovably shackled to tradition that 
have become out of tune. 

Dr. Raychaudhuri had during the last five months of his long 
and venerated life engaged in revising this very volume when he 
left us ( July 1985) loaded with years, honours and very deep 
respect. The Publishers requested us. To make the book ready 
for the Press. That was last October. 

From the very first it wasdeemed proper todo away with the 
page limitations that constrained the late author and to introduce a 
large number of worked out sums and exercises culled from various 
public examinations all over India including those of the current 
rage, Joint Entrance and I.I.T. Admission examinations. Extensive 
expansions have been effected, many from the pen of the late author 
himself, to amplify the basic ideas and aquaint the student 
with modern applications of these ideas. We particularly draw the 
attention of colleagues to the chapters on units and Dimensions 
from Dr. Raychaudhri’s text on Properties of Matter, and that on 
Elementary calculus introduced. More emphasis have been laid on 
relevant experiments that give flesh and blood to physical laws and 
principles. In mechanics, graphical and calculus methods of deriving 
various laws have been added to show their elegance and vivid 
picturisation. However, it must be deplored that the brevity 
and succintness that was the guineastamp of D. P. R. have 
been lost. Still most of the additions that have been brought 
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about come from his other works. The discerning teachers would 
still be aware of jolts and jars as they peruse the kook. We crave 
their indulgence for we have striven to the best of our limited 
ability to make the book useful to the demands of current students 
as desired by the new Publishers of the book. In revising thus we 
have utilised extensively many books, indigenous and foreign that 
command extensive circulations at present: Out very humble 
thanks are due to all the authors. 
Due to rushing the book through the Press in only five months 
the Printer’s Devil had had a field day for which we can only ask 
for forgiveness, from colleagues and students. 


August, 1986 } J. K. Me 
-D.R. 
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Part 0 
INIRODUCTORY 

Units and Dimensions Pages 1-1 
What is Physics 1; Matter and Energy 1 ; Physics à 
and Measurement 3 ; Fundamental Quantities and 
their units 3; SI units or the International 
system of Units4; MKS system of units 5; 
International unit-symbols 9; International 
recmmendations for the unit-symbols 10: 
Dimensions of Physical Quantities 11 ; Principle of 
homogeneity 12 ; uses 13 ; Limitations 15. a 
Elementary Calculus Pages 17-40 
Introduction 17; Quantities of diffenent orders of 
smallness 18; Differential coefficients of some 
Algebraic functions 19 ; Differential coefficients of 
Algebraic functions with constants 20; Differen- 

tiating sums, differences, products and quotients 21 ; 
Exponential and Logarithmic functions and their 
Differentials 23; Trigonometrical functions and 

their Differentiations 28 ; Geometrical interpreta- 

tion of Differentiations 30 ; Integration 33 ; Reverse 

process of differentiatiation 34; Process of summa- 

tion : The Definite Integral 36 ; Examples 38, 


Part I 
MECHANICS 
1. Kinematics. Rest and Motion of a Particle Pages 1-30 


Mechanics 1; Rest and motion 2; Reference’ 
Frames 3; Inertial and Noninertial frames 6u 
Kinds of motion8; Relevant terms for linear 
motion 9; Laws of uniformly Accelerated Motion 
15; Application of calculus 18; Graphical 
representations and deductions of kinematical 
laws 20; Acceleration due to gravity 26. 

2 Vectors i Pages 31-60 
Scalars and Vectors 31 ; Geometrical Arithmetic 
32; Vector Arithmeti: or Algebra 34; 
Representation of Vectors © 35; Moreabout 
Vectors 38; Composition and ‘Resolution of 
Vectors 40; Composition of Velocities 44% 
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Geometrical and Analytical methods 49; Position 
Vector 51; Product of Vectors 53; Relative 
velocity 55 ; Relative acceleration along a straight 
line 585 Accelerating lift 59. r 

‘3. Kinetics. Newton’s Laws of Motion Pages 61-133 
Kinetics 61; Newtons laws of motion 624 
Discussion on the First Law ; Inertia and Force 
62; Inertia of Rest 63; Inertia of Motion 64; 
Inertia and Frames ot Reference 65 ; Inertia and 
Mass 67 ; Force 68; Discussions on the Second 
Law the Fundamental Kinetic Equation and Nature 

of Force 70; Units of Force 72; Alternative 
derivation of F=ma 74; Derivation of 1st Law 
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rom the 2nd 75; Inertial mass 75; Impulse of a_ 
Force 77 ; Dynamical method of comparing masses 
81; Reference Frames and Newton’s Laws 82; 
Principle of Independence of Forces 82 ; Composition 
and Resolution of Forces 85; Projectiles 89 4 
Discussions of the Third Law : Action and 
Reaction 90; Demonstration Experiments 92 ; 
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Motion in a lift 103 ; Procedure in Problem work 
106; Principle of Conservation of Linear 
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Derivation from the 3rd Law 112; Change of 
Linear momentum examples 113 ; Flight of Rockets 
116; Jet planes 119; Elastic collisions 121; 
Classification of collisions and Energy Relations 
123; Energy transfer 124; Newton's cradle 127; 
Compton effect 127; Perfectly inelastic collision 
1.8; Partly inelastic collision 130; Between a 
sphere and a plane 132 

4. Friction Pages 134-156 


What it is 134 ; Types 135 ; Sliding friction 135 5 
Laws of Static Friction 137 ; Rolling Friction 129+ 
Causes of Friction 150; Minimising Friction 1415 

. Relevant problems 142 ; Rest and motion along a 
Rough horizontal plane 146; Equilibrium ona 
Rough Incline 150 ; Angles of Repose and Friction oe 
150; Cone of Friction 151 ; Force down an‘Incline 
151 ; Equilibrium for Inclination exceeding” angle 
of repose 152; Minimum Force to pull upa tough 
incline 153; Internal ‘friction 1; — ot 
Viscosity 155. 
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5, Uniform Circular Motion and S. H. M. Pages 157-190 

Uniform motion in a circle 157; Centripetal 
Force 159 ; Centripetal acceleration 163 : Centri- 
fugal-force 164; a pseudo-force 165; its Reality 
166 ; Measurement 166 ; Illustrations of centrifugal 
force 168; Friction and circular motion 175; 
Examples of Centripetal force and its Reactions 
178; Motion in a vertical circle 180. 
S. H. M. Projection 182 ; Projection of uniform 
circular motion on a diameter is simple harmonic 
183; Equation for Particle Displacement “in 
S. H. M. 155; Particle Velocity in S. H. M. 186; 
Particle Acceleration in S. H. M 187 ; Force on a 
particle in S. H. M. 187 ; Periodic time in S. H. M. 
187 ; Simple pendulum 188; Time displacement 
graph in S. H. M 189. 

6. Accelerated Rotation Pages 191-206 
Angular acceleration 191; Relation with linear 
acceleration 191 ; Rotation with constant Angular 
acceleration 192; Angular moment or moment of 
momentum 193; Moment a force about a point 

~ 194; Moment of force about an axis 195 ; Moment 
as a Vector 196; Equilibrium of Moments 197 ; 
Couples 198 ; Equilibrium of couples 199 ; Relation 
between angular momentum and torque 200; 
Moment of Inertia 201; Principle of Conservation 
of Angular momentum 202; Correspondence 
between linear and rotational motion 204; Newton's 
laws for Rotational motion 204 ; Gyroscope 206. 

7. Statics Pages 207-241 
Introduction 207 ; Equilibrium of a body 207; 
Discussions on the first condition 208: Triangle 
of Forces, Lami’s Theorem 209 ; Equilibrium under 
any number of forces 213; Discussion on the 
Second condition of Equilibrium 214 ; Resultant of 
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Parallel Forces 218: Common Balance 222; 
Working Principle, Requisites of a good balance 
223; Weighing by an Untrue balance 2245 
Center of gravity 225; Types of Equilibrium 
232; Equilibrium) and) potential energy 233 ; 
Toppling of a body 234; Limit of Stability 235 ; 
Cantre of mass 236. 

8 Work, Power and Energy Pages 242-274 
Work 2423 No-work forces 243; Path-integral 
offforces 244 ; Work done by a system of forces, 
Work done by on or aginst. Graphical representa- 
tion 245; Work done in rotation 246; Work 
done by a couple 247; Units 248; Power 2515 
Energy 254; Kinetic energy of translation 2555 
Work energy theorem 256; Kinetic energy of 
Rotation, of Explosion 257 5 Momentum and 
Kinetic energy 253; Potential energy due to 
position 259 3 due to strain 2605 Relation between 
work done and potential energy of a system 261 5 
Conservation of Mechanical energy for free fall 
262; for vertical rise 263; Up or down a smooth 
incline 264; for a pendulum 264 5 for a projectile 
266; Gravitational P, E. is independent of Path 
267 ; Elastic Potential energy 268 ; Transformation 
ot energy 269; Dissipation of energy 270 ; Work 
done against friction 271 ; Friction and Work- 
energy Principle 272; Conservative and dissipative 
forces 274. 

EXERCISES t Pages 275-324 


Part II 


PROPERTIES OF MATTER 


Gravitation and Gravity Pages 1-46 
Introduction, Law of Gravitation 1; Definition 

and Dimension of G 2- Determination of G4; 
Universality of the law of Gravitation 4 5 Gravita- { 
tional and Inertial masses 6: Gravitational attrac- 
tion between Extended bodies, between spheres 7 ; 
Gravitational Field and Potential 8; Force of 

Gravity 10; Motion under Gravity, Laws of Falling 

bodies 12; Gravity Field and Intensity 13 ; Mass 

and Weight 14; Variation of g 15; Simple 

Pendulum 18; Laws of Simple Pendulum, Time 

period 19; Determination of g 215 Atwood’s 

machine 24 ; Second’s Pendulum 25 ; Accelerated » 

Pendulums 26; Change of Period 29; Motion of i 
Planets, Kepler’s Laws 33; Discussions : 345 
Deduction of law of gravitation 35 + Motion of 
satellites, Orbital velocity and Period 37; Parking 
Orbits 3°; Artificial earth satellites 39 ; Launching 
41;  Weightlessness in artificial satellites 42 ; 
Escape velocity 43; Rarity of some gases in 
Atmospheres 44; Absence of Atmosphere on 
Moon and Mercury 45% Energy considerations 
in Satellite motion 45. 
*Structure and Properties of Matter. Pages 47-57 
Three states of Matter 47; Common Properties 

47 ; Molecular structure and state of Aggregation 

48; Particle-nature, Intra molecular Forces 52; 
Molecular Potential Energy and Force 53; Atomic 

and Molecular bonds 55. 
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3. Elasticity Pages 58.89 
Elasticity 58; Deforming forces, Deformation, 
Elastic Potential Energy 60; Some definitions 61 ; 
Hooke’s Law, Verification 64 ; Spring balance 65 ; 
Vibration of a weightless“spring 65 ; Moduli of 
elasticity 66 ; Distinction of three states on basis 
of elsticity® 68; Elastic moduli and molecular 
structure 68 ; Longitudinal deformation Young’s 
modulus 69; Determination of Y 71; Thermal 
stress 75; Work done in stretching a wire 75; 
Rise of temp on snapping it 77; Poisson’s Ratio 
78; Shearing stress and strain 79; Torsional 
deformation 82; Volume stress 83; Volume 
elasticity of a\Gas'84; Summary of Elastic moduli 
86 ; Genaralised Stress-strain Relation for solids 
Metals 16; Elasti: fatigue 88 ; Non-metals 88. 


4, WHydrostatics Pages 90-108 
What it is 90; Pressure 90; Liquid exerts normal 
thrust 92; Fluid pressure at a point acts in all 
directions 95 ; Pressure at a depth inside a liquid 
96; Pressure of a fluid at rest is the same ine 
horizontal plane 98; Liquids in’ a U-tube 100; 
Thrusts exerted by a liquid 101; Hydrostatic 
Paradox 101; Average Pressure and Total Thrust 
onan Immersed. surface 103; Pascal’s law 105; 
Principle of Transmissibility of pressure 106; 
Multiplication of Thrust 107 ; Hydraulic Press 108. 


5, Archemedes Principle and Floatation Pages 109-134 
Archemedes’ Pripciple Statement demonstration 
109 ; Derivation 111 ; Reaction to buoyancy 112; 
Density 115 ; Applications of Archemedes Principle 
116 ; Principles of measuring specific gravity 120 ; 
Floating bodies 214 : Floatation and density 125; 
Equilibrium of and Stability of Floating bodies, 
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Conditions of Flotating 126 ; some relevant relations 
127 ; Some special examples 131 ; A floating and 
sinking ship 131; Floating docks, Life Belts, 


Submarine, Cartesian diver 133. 
Pneumatics and Atmospheric Pressure. Pages 135-159 


Pneumatics 135; Gases have weight and exert 
Pressure 135; Pascal’s law and manometers 136; 
Archemedes’ Principle in Gases 137 ; Buoyancy 
correction for weighing 138; Lifting. Power of 
balloons 139 ; Work’ done by an expanding gas 
and Boyle’s Law 140; Atmosphere 142; Atmos- 
pheric Pressure’ 144 ; Nature abhors vacuum 146; 
Torricelli’s experiment 146; Measure of Atmos- 
pheric Pressure 148 ; Torr/149; Water barometer 
150; Requisites of a Barometric Liquid 150; The 
Barometer Fortin’s 151 ; Siphon : ¿Barometer 
152; Aneroid Barometer, Barograph 153; 
Corrections:to Barometric Readings 153 ; Faulty 
Barometer 154; Change of Pressure with height 
155; *Pressure Law of. Atmosphere 156 ; Weather 
Forecasting 157. 


7, Some Prora and Pneumatic Appliances. 


EXERCISES 


Pages 159-172 


Siphon 159; Application of Siphon 162: Water 
Pumps 163 ; Common Pump 163 ; Lift-Pump 164 ; 
Force’ Pump 165; Air Pumps, Vacuum Pumps, 
Piston Pump 166, Rotary Pump 167; Pressure 
Gauges 169 ; Compression Pumps 170 ; The Diving 
Bell 171 ; Caissons 172. 


Pages 173-203 


A 
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Part Ill 


VIBRATIONS AND WAVES 


Simple harmonic Motion Pages 1-18 
Periodic motion. S,H.M.1; Characteristics. 
Differential. equation 2; Examples; Simple and 
compound Pendulums’5 ; elastic string 6 ; Floating 
cylinder 8; Liquid in a U-tube9; Gas in a - 
cylinder 10; Twisted wire. Pivoted magnet 11; 

Body through the earth 12; Phase 13; Energy 15; 
Superposition 17. 

Vibrations Pages 18-28 
Related terms 13; Free vibration 20; Damped 
Vibration 21; Forced Vibration Resonance 22 5 
Examples Mechanical 25; Acoustical 26 ; Electro- 
magnetic 27 ; Sharpness 27 3 


Wave-Motion Pages 29-44 
Introduction. Wave motion 29; Idealised Plane 
Progressive Waves. Transverse 31; Longitudinal 

32; Elasticity and Waves 33; Waves and energy 

33 ; Propagation of vibrations 34 ; Some definitions 

36; Wave equation 39; Periodic waves 41; 
Characteristics and Properties of Waves 42; 
Comparison 43. ` 

Sound Wave Velocity Pages 45-63 
Sound waves as Elastic waves 45 ; Definition of 

Sound 45; Sources 46; Tuning fork 473 
Mechanism of Sound Propagation 43 ; Velocity of 

sound 50; Newton’s and Laplace’s equations 52 ; 
Factors affecting 53: Velocity in liquids 57 ; 
Doppler Effect 58 : in Light 61; General case 62. 


7. 
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Reflection, Refraction and Diffraction Pages 64-72: 
Impact of sound waves on surfaces of discontinuity. 
Reflection 64; Echoes 65; Depth sounding 67; 
Refraction 69;. Total Internal. Air layers ot 
different temp 70 ; due to wind 71 ; Diffraction 72. 


Superposition of Waves Pages 73-86 
Principle 73; Beats 74; standing Waves 763 
characteristics. Demonstration 77; Melde’s Expt. 
Formation 78 ; Comparison with Progressive waves 

80; Interference 80; Conditions and experimental 
investigations 81 ; Path diff and phase difference 82 ; 
Oblique incidence 83 ; Interference of light 84. 


Light Waves Pages 87-94 
Light as waves 87 ; Electromagnetic spectrum 88; 
Velocity 89 ; Polarisation of Light 91 ; Diffraction 

93; Validity of Geometrical optics 93. 

Physiological Sound Pages 95-99 
Musical scund and Noise 95; Characteristics 95 ; 

Factors affecting them 96; Graphical Represen- 

tation of the Characteristics 97 ; Noise 99. 


Vibration of Strings Pages 100-106 
Introduction. Transverse waves on a string 100 ; 
Velocity 101; Modes of transverse vibrations. 
Fundamental frequency 102; Laws of transverse 
vibrations 104; Sonometer 105; Worked out 
examples 106. 

Vibration of Air Columns Pages 109-120 
Stationary Vibrations. Closed Pipes 109; Open 

pipes 112 ; Comparison 114; As sources of sound 

115; Velocity of Sound 116 ; Effect of temp and 
humidity 119. 


EXERCISES Pages 121-148 


a a ll Oe el 


1. 


2, 


3. 


Part IV 
HEAT 


Heat and Temperature. Pages 1-12 


Heat Temperature 1; Differance 2; Eftects of 
Heat. Principles of Thermometry 35 Thermometers 
4; Desirsble properties for a thermometric liquid 
5; Scales 6; Expressions 7 ; Conversions 8; 
Modern ideas 10 ; Sensitive and Quick recording 
thermometers 10; Six’s 11 ; Range of Temp 12 


Calorimetry Pages 13-35 


Heat a measurable quantity. Units 13 ; Specific 
heat 15 ; Experiments 17 ; High Sp. heat of water 
18; Thermal capacity, Water equivalent 19; 
Fundamental Principle 20 ; Determination 22 ; 
Calorific Value of fuels, Bomb Calorimeter. Basic 
equation for method of mixtures 24; Methods of 
Calorimetry 30; Newton’s Law of cooling 31 ; 
Latent heat of:Calorimetry 32; Black’s & Joly’s 33. 


Expansion of Solids Pages 36-64 


Demonstration Experiments 36; Coefficient of 
Linear“expansion‘39 ; Causes of thermal expansion 
42; Determination 43; Thermal stress 445. 
Differential Expansion 46; Thermostats 47; 
Bimetallic . Thermometers 50; Advantages of 
expansion‘50); disadvantages 51; Pendulums and 
Balance wheels 56 ; Grid‘Iron 59 ; Loss or gain 60 ;: 
Coefficients of Surface and Volume expansions 61 ; 
Hollow Vessel 62 ; Change of density 63. 
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Expansion of Liquids, Pages 65-86 
Real and Apparent Expansions 65; Relations 
between 66; Change of density 68 ; Methods of 
measuring. Weight thermometer 7V ; Volume 
thermometer 73 ; Sinker 75; Hydrostatic Balance 

76 ; Volume coefficient of a solid 7 ; Dulong and 

Petit 78 ; Barometer correction 80; Exposed stem 

¿ correction 82 ; Anomalous expansion of water 83; 

Hope’s Expt 84. 

Expansion of Gases. Pages 87-105 
Introduction 87; Gas expansion on heating 88 ; 
Charles Law’ 89; Absolute scale 93 ; Boyle’s Law 

95; Regnault’s Law 97; Perfect Gas equation 

101 5 Molar gas const 102 ; Conversion of-densities 

104; Gas Jaw for different masses 105. 

Kinetic Theory of Gases, Pages 106-120 
Evidence of molecular structure 106 3 Evidence of 
Random Molecular motion 107 3 Brownian 
movements 108 ; Estimation of molecular size 110 j 

Kinetic theory of Ideal gases 111 ; Explanation 

and calculation of Gas pressure 112 ; Concept of 
Temperature 114; R, M. S velocity and Related 
concepts 117; Limitations of Ideal gas laws 118; 
Vander waals’ Equation of state 119. 

Change of State Pages 121-148 
Melting and Freezing 121; Latent heat and its 

Origin 122 ; Supercooling Sublimation 124 ; Deter- 
mination of Latent heat of Tce 125; Change of 
Volume on melting 127; Calorimetry. Bunsen’s 

Tce calorimeter 128 ; Regelation 130; Bottomley’s 
experiment. Glaciers and lava 131 ; Freezing point 

Of solutions 132; Fy eezing mixtures.133 ; Vaporisa- 

tion 134; Vapour Pressure 135 ; Evaporation 135 ; 

Boiling 137 ; Effect of Pressure on Boiling Point 


8. 


9. 


10. 
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138; Characteristics and factors affecting boiling 

140; Hypsometry 141; Boiling under increased 
pressure 142; Latent heat 144; Determination 

for Steam 145 ; Cold caused by evaporation 147 ; 
Freezing by evaporation 147. 

Hygrometry Pages 149-156 
Water vapour in:Atmosphere 149 Saturated and 
Unsaturated Vapour. Dew Point 150; Humidity 

of Air 151 ; Measurement of humidity 152; Dew, 

fog, cloud 153. 

Transfer of Heat Pages 157-173 
Three Ways 157; Conduction 157 ; Comparing 
conductivities 158; Thermal conductivity 159 ; 
Searle’s method 160; Consequences of thermal 
conduction 162 ; Convection 165 ; Radiation 168 ; 
Radiant heat and Light 169; Absorption and 
emission 170; Prevost’s theory 171 ; Stefan’s Law 

173. 

Heat and Work Pages 174-186 
Heat is energy 17 ; The Mechanical Equivalent 

of Heat 175 ; Joule’s Expt. 178; First law of 
Thermodynamics 180; Isothermal and Adiabetic 
expansion of a gas 181; Specific heats of gases 

182. 

EXERCISES Pages 187-250 


West Bengal Council of Higher Secondary 
Education Syllabus 


PHYSICS ( Elective.) 
Full Marks 80 ( Theory ) 


PAPER—I 
1. MECHANICS 


Particle: Dynamics : 

Rest and motion, reference frame, displacement, velocity and 
acceleration, momentum, kinematical equations (in one dimension), 
elementary problems. yi 

Scalars and Vectors, Composition and resolution of Vectors. 
Representation of vector by co-ordinates. Addition of vectors by 
geometrical aud analytical methods. Relative velocity and acceleration. 

Newton's laws of motion, inertia, units of force, impulse, and 
impulsive forces, conservation of linear momentum-elastic collisions of 
particles moving in the same line, jets and rockets, Friction, static and 


kinetic friction, co-efficient of friction. 


Statics : 

Centre of mass, centre of gravity, conditions of equilibrium of a 
system of particles. 

Dynamics of Rotational Motion : 

Rotational motion of a particle, angular velocity, angular 
acceleration, relation between angular velocity and linear velocity, 
angular momentum, moment of a force about a point and about an 
axis, torque, relation between angular momentum and torque, 
(statement only) couples, centripetal force, centrifugal force (ss a 


pseudo-force). 


A Al 


Work, Energy and Power : 

Definition of work, relevant units, work done by and against a 
force, Mechanical energy—kinetic and potential forms. Conservation 
of energy—with the case of a freely falling body as an example. 
Power—definition, units. 


2, GENERAL PROPERTIES OF MATTER 


Gravitation : 


Newton's law of universal gravitation. Constant of Gravitation 
(no experimental details on the determination of the gravitational 
constant), Gravitational attraction for extended bodies. Gravitational 
attraction of the earth. Lays of falling bodies. Variation of acceleration 
due to gravity. Simple pendulum. Motion of planets, satellites, Escape 
velocity ( no deduction ) weightlessness in orbiting satellites. 


Elastic Properties of Matter : 


Stress, strain, elastic limit, Hooke’s law, elastic madulli, young’s 
modulus, Bulk modulus, rigidity modulus, Poission’s ratio. 


Hydrostatics : 


Density, Specifie Gravity, (methods of determination of Sp. Gr. 
not required), Archimedes’ principle (demonstrations ) flotation, 
pressure in fluids, transmission of fluid pressure, Pascal’s law and its 
applications. Air pressure and its measurement, Siphon, principles of 
lift pump, compression pump, vacum pump. 


3. HEAT 


_ Recapitulation of the basis concepts of heat and temperature. 
Thermal expansions of solids and liquids simple demonstrations, 
co-efficient of expansion for solids, relation between them. Applications 
of expansions of solids. 


“Beal and apparent expansions for liquids, relation between 


per >. Co-efficients, Anomalous expansion of water. Effect on 


Thermal expansion of gases. 
Boyle's law, Charles’ law, Equation of state of an ideal gas ; volume 
and pressure co-efficient, Absolute scale of temperature. © 


Calorimetry : 


Preliminary definitions, principle of calorimetry (no questions son 
measurement to be set). Oalorimetric problems. 


Change of State : 


Latent heat (brief discussions of determination ) evaporation "and 
boiling. Effects of pressure on melting point and boiling point. 


Vapour pressure, relative humidity. Dew, fog and cloud, Hygrometry, 
Regnault’s hygrometer. 


Mechanical equivalent of heat : 


Heat as a form of a energy, relation between the Calorie and the 
erg Determination of mechanical equivalent of heat (paddle method). 
First law of thermodynamics. p 


Kinetic Theory of Gases : 


Evidence of molecular structure of matter and of random molecular 
motion. Brownian movement (qualitative description), Basic 
assumtions of tho kinetic theory of ideal gases. Pressure of an 
ideal gas (mention of the formula ); derivation not required. Concept 
of temperature from kinetic theory. Qualitative discussions of 
limitations of ideal gas laws. 


Transmission of Heat : 


Conduction of heat, simple demonstrations ; thermal conductivity. 
Practical applications of thermal conduction, Convection of heat, 
convection current. Radiation ; radiation as a form of energy. 


4, VIBRATION AND WAVES 
Vibrations : 


Oscillations and its characteristics, Simple harmonic motion, 
examples. Relation with uniform circular motion. Graphical and 
mathematical representations. Energy in simple harmonic motion. 


AL vii J 
Superposition of two simple harmonic motions in the same direction 
(graphical) (i) in phase (ii) in opposite phases. 
Nature of vibrations ( transyerse and longitudinal). Free. and forced 


vibrations, resonance, damped oscillations (qualitative discussions 
with examples). 

Waves: GO 

Types of waves, characteristic features of propagating. waves, 
preliminary definitions and relations. Reflections and refraction of 
wayes. Supervision of waves, stationary waves; vibrations of strings 
and air columns, 

Interference, beats, Doppler effect, polarization ( qualitative 
discussions). 

Nature of Waves : 

(i) Sound waves as elastic ‘waves, Velocity of sound. Ltplace’s 
formula (Newton's formula V= \ E/p to be assumed). 

(ii) Light as a wave phenomenon. Finite velocity of light. 


Interference of light. Polarization (qualitative ideas). Validity of 
geometrical optics as an approximation. 
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CHAPTER 0-1 


PHYSICS = 
UNITS AND DIMENSIONS. 


04.1. What is Physics: Physics deals with those phenomena im» 
the inanimate world where the type of matter does not change.. 
Chemistry is essentially concerned with phenomena in which the type: 
does change. The distinction does not however, always hold. Primarily 
also, we may regard the subject matter of physics as dealing with: 
transformation of energy from oné form to another. This however, 
includes chemistry in the scope of physics. 

Branches of Physics: Physics in fact, is the study of properties: 
of ‘matter and energy. It has several main divisions. Of these, we 
shall be mostly concerned with mechanics, properties of matter, vibra- 
tions and waves, sound, heat, light, magnetism, electricity and moderm 
physics. 

In modern physics we recognise two branches—atomic physics dealing with atoms: 
and nuclear physics, with atomic nucleus. Then there is the solid state physics om 
the basis of constituent atoms and molecules, Av still Jater branch is the plasma 
physics concerned with the properties of neutral ‘mixtures of positive and negative ions. 
It is expected to tell us of what goes on inside the sun and the stars and how do 


they manage to produce such huge quantities of energy. The latest branch in the 
field is particle physics to search out, study and correlate the fundamental particles, . 


out Of which such atomic blocs as the electron, proton ete. are made. 


Of all these mechanics is the most fundamental, for it enters into 
practically all the branches of physics. In fact mechanics is the 
grammar of physics. Yt deals with such ideas as motion, force, energy 
and their relations with matter and each other. Heat, sound, light 
include those phenomena which we recognise with our senses of touch, 
hearing and sight. We do not possess special senses to detect electri- 
city and magnetism; they are studied through the effects they produce. 

0-1.2. Matter and Energy: In introducing physics we have 
spoken of matter and energy above. What are they? All the objects. 


w 
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we see around, e.g. books, tables, houses, trees, sun, moon, stars are 
all called bodies. Matter is thel material of which all these bodies are 
made of. They can be perceived by our senses. Energy is that unseen 
agency which can bring about internal or external changes in matter. 
A piece of coal is matter, for it can be seen and touched. It can be 
crushed into powder (external change) by a hammer or can be burnt 
in a fire (internal change) into ashes; the mechanical energy of the 
moving hammer and the heat energy of the fire have brought about 
these changes in matter. All natural phenomena are effects of the 
action of energy on matter. These two are the only pair of entities we 
perceive in the universe around us. 

“Matter is found to exhibit four properties—(1) It occupies some 
space ie. it has some volume (2) offers resistance to any force tending 
to displace it, or to stop:it when moving, thus exhibiting the property of 
inertia (3). can transfer momentum ic. make. another body, change 
motion by colliding with the latter and. (4) always attracts, another 
„piece of matter because of gravitation. i 

_ We have-noted that energy, brings about changes. in matter. Matter 
however cannot undergo any change by itself. In. nature, three classes, 
of changes are found to occur namely (i), change,in, position \(ii) that 
in condition (iii) that in constitution or type. A moving car shows 
change in position, boiling. off of water, change in condition or. state, 
burning, of coal, change in. type of matter. These changes are brought 
about by the agency of energy. ; 

During these changes neither’ matter nor energy suffers any 
destruction. They’ aré oily’ transformed from’ one’ form tò another, 
eithers of matter or of energy. When coal is burnt we obtain an 
equivalent amount of ashes and gases.. When electricity passes through 
a wire we obtain heat, in some cases light. The facts that neither 
mass nor energy can either be created or destroyed, are contained in 
the principles of conservation of mass and energy. 

Albert Einstein (1879-1955) postulated that, just one entity that is conserved, 
of which matier and energy are only two manifestations. One may be converted into 
another. If a quantity of mass (matter) m disappears, it results in the release of me? 
quantity of enérpy (E). Asc, the speed of ‘light’ is a very’ large quantity (=3'x 108 m/s), 
the amount of energy so released is very. large—the fact behind: the "cataclysmic 
explosive power of nuclear bombs or the. almost unlimited energy of the sun and 
stars. The converse conversion of energy into mass has also been noticed ; if very 
short y orays (obtained from radio-activity) of 1.02 Mev energy is made to pass very 
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close ito: a heavy ‘atomic Aiieteus} pair of eléctron and positron is “formed ocali | 
Pait-production). » Recentlysysky*watchers have discoveled?the | SoLcaliéd Black ‘Holes’ 
far away in outer space from, waich..no signal appears; to!come) )1Some’ astronomers” 
arè of opinion, that these regions suck in any energy „n passing ) by;, just Aike giant. 
eddies in the oceans and probably condense the swallowed-up. energy, into mass, 
following the same relation E=mc?. 

0-1.3, Physics and Measurement :_ The subject-matter of rhea 
rests squarely on accurate measurement alone. Lord Kelyin declared 
that it may be deemed that we have some knowledge about quantities 
that can be measured and that measure. numerically expressed ; but if o 
„we cannot measure a thing or the measurement numerically recorded, 
we have no knowledge concerning it. Since we cannot measure feelings 
like affection, anger, hunger or fear, they are outside the scope of the 
subject matter of physics. 

The term physical quantity or simply ‘quantity’ is, used to, mean 
any thing that can be measured. Length, weight, volume, time, speed, 
temperature, density, electric current, field intensity are only a few 
you know, amongst innumerable physical quantities, Laws or 
principles of physics canbe’ usefully presented as’ relations ‘between 
different physical’ quantities. For their unambiguous application, they 
require clearcut ‘definitions, » According to many; definitions’ have to 
be operational i.e. so enunciated ‘as to: include @ guide’to the measure- 
ment of the relevant quantity. 

From ‘such definitions we’ derive ‘after many“ manipulations, theo- 
retical or experimentaly’a physical quantity made up of a number 
with a unit; e.g. velocity (a ratio of displacement'to*time) in cm/s or: 
momentum (mass velocity) in g-cm/s:étc.. A measurement involves” 
thus two things, a number’dnd @ unit.’ Mere mention of a: oe l 
meaningless ; the unit must be stated) akis i i 

What is a unit ?..To measure any quantity we. coton it, with a 
quantity. of the same kind, agreed. upon by. convention, which we call 
aunit. As for example, if. we find) that to measure)the length of a. 
bench we have to lay a meter-stick thrice successively. alongside it, We 
conclude that the bench is three meters long. Hence a. zs EES 


Physica} quantity=Numerical value xamit .. 
9-1.4; Fundamental Quantities „and. their- Units: - Sometimes 


straightforward operational definitions cannot be provided for some 
quantities. The quantity of matter in a body is its mass or 
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degree of hotness of a body is its temperature, are such unsatisfactory 
definitions. Such are said to be fundamental indefinables. In mecha- 
nics we have three such, namely mass, length and time as you already 
know. - All quantities in mechanics can be defined in terms of these 
three. For example area=length X breadth, volume=Area x height, 
density=mass/volume, velocity=distance/time, force=mass X length / 
(time). 1 Such units are called derived units as against fundamental 
units’ of mass, length, time. This classification is somewhat artificial, 
for derived wiiit in one system may be the fundamental unit in another ; 
eg. itt engineering practices, force and in hydrostatics, density are 
often taken as fundamental units. But fundamental units in all systems * 
of measuréttients are chosen arbitrarily. What however is necessary 
is'that they must be internationally ‘accepted. “The desirable character- 
istics, that a fundamental unit or any standard’ to measure a physical 
quantity,’ should have are (i) it should not change with time 
z (ii) must be reproducible and 
(iii) must be internationally accepted : 


Absolute (or, coherent) units ofa system: Derived units of a 
system which involve the fundamental units of the system only in unit 
measure, are kriown as absolute units (or coherent units)... The abso- 
lute unit of work, in the | egs- system. is, 1 erg, which is 
1 dynx 1 cm=1 gX1 cm/s'x1 cm. In the; erg, all the fundamental 
units occur in unit measure. The joule (symbol J), which is equal to 
10" ergs, is not an absolute unit in the cgs- system, as it involves @ 
measure 10’. -It is. the practical unit of work in the cgs system, the 
erg being too small a work for practical use. In the mks system, 
however, the joule comes out to be an absolute unit as 1 joule=1 
newton 1 metre=1 kgxX1 m/s?X 1m, 


If in a numerical problem you find that the quantities are in 
different systems of units, or are not in absolute’ units of the same 
system, convert all of them to absolute units of the same system before 
you apply any formula to calculate the result. 

0-1.5. SI Units (Systeméme International @Unite’s) or the Inter- 
national System of Units: For the coherent* system based on the six 

MA coherent system of units i$ à system based on a certain set of ‘basic units’ 


from which all ‘derived units’ are obtained by, multiplication or division. withont intro- 
ducing any numerical factors. 
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basic units 


‘Name 


metre ampere 
kilogram kelvin* 
second candela 


the name International System of Units has been recommended by the 
General Conference on Weights and Measures in 1960. The units of 
this system are called SI units. They have been accepted by all im- 
portant international bodies as the only system for use in all scientific 
measurements.t 

In developing any system of units, certain quantities are taken as 
fundamental (or basic). A very well defined amount of each such 
quantity is taken as a fundamental unit, In the International System 
of Units, the fundamental quantities are (1) length (2) mass (3) time 
(4) electric current (5) temperature and (6) luminous intensity as has 
already been listed. Supplementary units to be used with these are 
(i) Radians for angles (ii) Steradians for solid angles and (iii) the Mole 
for amounts of substances. 


The International System defines the units of these quantities as 
accurately as present-day technology permits and you will presently 
marvel at the precision achieved. Of these, you are already familiar 
with the meter, the kilogramme and the second, the trio of MKS units. 
The SI units are only their refined modifications. I : 

0-1.6. The MKS system of units; This was. the first scientifi 
system for mechanical units and initiated by a committee under Charles 
Borda, appointed by the Republic of France, immediately after the 

* Of late, the use of the degree sign (*) on the absolute scale has been dropped. 


So we write 273K instead of 273°K. But this method of writing has not yet become 
universal, 


t You may be interested to learn that West Germany passed a law in 1970 to the 
effect that from Ist January, 1978, SI units be used there for all domestic 
Purposes. Of late, the India Government have instructed that clinical (doctor's) 
thermomieters should be graduated. in celsius degrees instead of in fahrenheit degrees, 
as at present. As this comes into effect, a fever of temperature 104°F reads 40°C on 
our thermometer and 313K on a West German thermometer. 
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Degree Kelvin (introduced since 1954) is 1/273.16th part’ of the 
\ triple point temperature of pure water under normal atmospheric 
-~ pressure. Triple point is the temperature at which all the states of 
- aggregation coexist, It is denoted by K and not by °K. In modern 
~wsage K° represents not a temperature but a temp. difference. 

Candela is the luminous intensity, in the perpendicular direction of 
-a surface 1/600 000 square meter of a black body at the freezing point 
of platinum under normal atmospheric pressure (101,325 N/m‘). 


Thus we have 
Tn the MKS system as also in the SI units 
Unit of force=1 newton (symbol N)=1 kgx1 m/s?=10° dyn. 
Unit of work=1 joule (symbol JJ=1 Nx 1 m=10' erg. 
Unit of power=1 watt (symbol W=1J/1s)=10" erg/s. 
To give you enough acquaintance with these quantities we have ~ 
‘freely used them. All derived units of the MKS system are SI units. 
‘We have mentioned above that the SI system includes supplemen= 
tary units of plane angles and solid angles, the radian and steradian. 
Unit for angle. For use in scientific measurements, the unit for 
lane angle is the radian (symbol, rad). A radian is the angle 
subtended at the centre of a circle by an 
arc equal in length to the radius. To 
} express an angle in radian measure, also 
known as circular. measure, we may 
describe an arc of a circle with the vertex 
of the angle as centre. The length of 
the arc limited by the angle divided by 
the radius (i.e. arc AB : radius OA) 
(fig. 0-1.1) is the value of the angle in 
“radians, as you must have learnt in trigonometry. Thus 


itt hdi Ae O) ihi 
Angle (9) in ne re o). 


A 
Fig, 0-11 


This measure is satisfactory for all systems of units ; for, an angle 
än radian. measure is a ratio of two lengths and hence. is a pure 
‘umber. A pure number does not depend for its value on any system 
-of units. So an angle in radians has the same value, in.all systems. 

Now, length of arc=radius X angle subtended by arc in radians. 

or s=r@. © (0-1.6.1 
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The ratio of the circumference of a circle to its diameter is a 
constant. It is represented by the Greek letter x. The total angle 
around a point is 2x radians (7=3.1416...). Hence 2x rad=360° 
or 1 rad=360°/2 =57°17'45”=57.3°. f 

The unit for solid angle is the steradian (symbol, sr). Solid angle 
is measured as for a plane angle to make it a pure number. It is the 
ratio of an area (A) and the square of its distance (r°) from the point 
where the angle is sought. Note that a plane angle is a ratio of two 
lengths while the solid angle is the ratio of an area and (length)? and 
hence both are dimensionless pure numbers. 

A steradian is measured by the ratio of an area of 7° cm on the 
surface of a sphere of radius r and square of the radius or by the 
unit area on the surface of a sphere of unit radius. The circumference 
of a circle, we have seen, subtends an angle of 2% radians at its 
centre while the solid angle subtended at the centre of a sphere is 
4x radians. 

CGS System: Till 1954 this mechanical system was in use throughout the 
scientific world. They are intimately related too, for the cgs was actually derived 
from, the MKS units. All of you are familiar with them. The system is slowly 
falling out Of use everywhere and ‘being replaced by the MKS system which is 
identical with SI units so far as mechanical indefinables are concerned. The units 


in the cgs system are very small and so an extra set of practical units are necessary. 
That is not the case with the MKS. 


FPS System: The British system of mechanical units foot for length pound 
for mass and second for time were valid in days gone by throughout the British 
Empire and the United States. They are still in use only for engineering purpose 
in our dountry and U.S.A. but no longer for scientific purposes. It has been 
discarded in India in 1957. However in Britain nowadays slug is the unit of mass 
and pound the unit of weight which generates an acceleration of 32 ft./s* on a slug: 


The following relations interconnect the three systems— 


1 foot = 30.48 cm 0.3048 m 
1 Ib (or slug) = 4536 g = 0.4536 kg 
ls = 1 s = ds 


0-1.7. International unit-symbols : In writing and using symbols 
of units of physical quantities; we shall follow the present international 
recommendations. Some of the symbols and prefixes are given below. 
The symbols are always printed in roman (upright) type. The symbol 
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ofa unit, derived from a proper, name, should start with a, capital 
roman letter (such as N for newton, J for joule, Hz for hertz). ow 


ooo 


CGS MKS 
Name Symbol Name Symbol 
x centimetre, cm metre m 
gram g kilogram kg 
second s second s 
dyne dyn newton N 
erg erg joule J 
hertz Hz or cps hertz Hz 


” Prefixes to indicate decimal fractions or multiples of a unit 


SS IasseIauasssesessosIII 


deci. (=107+) d deca (=10) D 
centi (=10~*) c hecto (=10°) H 
milli (=10-") m kilo (=10') K 
micro. (=10~°) u mega (=10°) M 
nano’ (=10-*), n giga’ .(=10°) G 
pico. (=107+3) poor mmi tera oo (=10") T 
femto (=10-1*) f peta i= (1049) P 
a 


atto (=10-*8) 


Atte eS RR IS ae ee ees 

0-1.8.. International recommendations for the use of unit-symbols : 
a The symbols for units (given after the names of the units) represent 
the respective units. They are to be treated as algebraical quantities, 
and, notas abbreviations. .They should not be used in the plural 
form. “So, do not write 100°cms ; write it as 100 cm” This is the 
international . practice. . It applies to,.derived: units also... Note. that 
the international symbol for the ‘gram’ is ‘g’, not ‘gm’. For the 
kilogram, it is ‘kg’, not ‘kgm’. The symbol for the second is ‘9s 
not ‘sec’. All symbols are printed in Roman characters (as we do 
in this book) and not in italics. No symbol shall be followed by a 
stop ( . ) as a sign of abbreviation. Write ‘g’, ‘cm’, ‘kg’, etc. and 
not te ‘em’, “kg.” 

- We illustrate below the practices stated above’: 

a mX2 cm 3; cm=6 cm’ (just as in ce: yon write ax 2aX 
3a=6a"), 
isein sisig em/s=10 g cmjs=} svewis < 
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‘A velocity. of 2 metres per second is written as 2 m/S of 2 msi 
An acceleration of 50 centimetres per second per second is written as 
50.om/s? or 50 cm s™*, sais 

In this book we shall follow the international recommendations*, 

Remember’ that a physical quantity consists of a number and a 
unit together. “The unit-symbol is an essential part of it and behaves 
like a proper algebraic quantity. Symbols for units cancel or multiply 
like algebraical quantities. For example, 25.g cm s~?+ 5 g=5 ¢ms~*. 

You will get further examples in the worked out problems in the 
book. Keep a watch. 


0-1.9. Dimensions of Physical Quantities: In physics we are 
concerned With ‘thé measurement of ‘quantities’, which. we call 
physical’ quantities. Physical quantities met with in. mechanics 
can’ all be” expressed’ in terms of three selected quantities. We 
generally select length [L], mass [M] and time [T] for the purpose 

and call thémethe fundamental quantities.’ Engineers use length, force 
and timie^as fundamental quantities. 4 pin 

Quantities met with in méchanics''can’ be measured in terms 
of units derived. from thé units ofthe fundamental ‘quantities. 
Such units are called derived units, Take, for example, the area 
ofa plane figure. Area is a physical quantity of a: nature different 
from that of length. If we liked we could measure area in terms 
of the area of a selected: rectangle; which, for, permanence, might 
be made of platinum or gold. It is, however, convenient to make 
use Of the unit’ of length’ in “defining the unit of area. In fact, 
the unit of area is taken’ as’ the area of a square having sides of 
unit Iength.! A” rectangle of sides 2 cm by 3 cm has an area of 
2 cmXx3 cm=6 sq. cm (or 6 cm’). The physical quantity tarea’ is 
shid o “havé® two dimensions in respect of . the’ fundamental 
quantity ‘length’, as ‘length’ occurs twice in the calculation of ‘area’. 
This is expressed symbolically by writing [A] = [L]? where the symbol 
[A] repfesents thé physical’ quantity ‘area’, and’ [L] ‘stands for the 
physical quantity ‘length’, without any reference, to any; particular area 


* In spite ofall. (that has been) said jabove, gouçimay: still find An many’ ape? 
and question papers the symbols written variously, as ‘em’, ‘kem.,'em.' OM." 
‘ft’, ‘sec.’, etc. Though in the main text we shall follow, the internationally 
recommended way of writing, we shall leave the: questions compiled, from various 
sources just, as we found, them. So you may, not bp at, ajloss hen yon see them. 


——_ 
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or length, or the units in which these might be expressed. Similarly, 
the quantity ‘volume’ [V] involves length thrice ‘and is said to have 
three dimensions in respect of length, or in symbols [V]=[L]®. -These 
examples show that by the term ‘dimensions’ of a physical quantity is 
meant the powers. to which the. fundamental. quantities must be raised 
in order to specify. that. quantity. Dimensions are always calculated 
from the definition of the: quantity. 


Density is 22881. Therefore, the dimensions of the physical 
; volume 


quantity ‘density’ [D] are ine or, [M][L]-*. In words 
We may say that the dimensions of density are one in mass and minus 
three in length. The rectangular brackets are used to imply dimen- 
sions and in case there is no confusion, they may be dispensed with. 
Thus if p represents density we may write [P] = ML-°. 

If a person walks. 4- miles in one hour we say that his speed is 
4 miles per hour. The physical quantity ‘speed’ is expressed in terms 
of the fundamental quantities ‘length’ and) ‘time’.. Since speed is 


length ~ 4 L | bi 
ETAN the dimensions of speed are E DI 
Acceleration is the rateiof change of velocity, ise. a= elpe 


: PRL 4 T [LT=*] Raa 
Hence its dimensional equation is [a ]= ry T if 


_ Momentum of a body is the product of the mass of the 
body and its velocity. Hence the dimensional equation of momentum 
is obtainable from the relation mv=mass x velocity; [Momentum] 
=[ M)[LT-*] =[MLT-*}, 
_ _ Force P on a body is given by the product of its mass and accelera- 
tion. We have P=ma, whence the dimensional equation. 
[P] = [na ] =[M ] [LT-*) =[MLT-*}. 


Pressure is defined as the force per unit area and its dimensional 


‘equation is given by [p]= sree ete T-?], 


Work or energy is the product of force and displacement. 
©. [W= [MLT] (2) + [MLT], 


\ The principle of homogeneity: On the ‘basis of the above 
discussion we find that the symbol [L]*, [L}, or simply L? 


merely 
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represents the physical quantity ‘area’ without any reference to the 
value of any particular area, or the unit in which the value might be: 
expressed. [L]*, [L°] or L> similarly represents a ‘volume’, and 
ML- a ‘density’. 

, We know that a quantity can only be equated to the same 
quantity, i.e., a ‘length’ to a ‘length’, an ‘area’ to an ‘area’, a ‘speed’ 
to a ‘speed’, But a ‘Jefigth’ cannot be equated to ‘volume’, or a ‘speed’ 
to a ‘mass’. Since any quantity of a given kind has a fixed set 
of dimensions, the dimensions, of all terms on the two sides of an 
equation must be identical. Otherwise the equation will be invalid, 
This assertion of the equality of dimensions in the terms of an equation 
is called the principle of homogeneity. This useful principle may be 
applied to check the correctness of an equation. 

The method of dimensions has three simple uses, namely, (i) to 
find the value of a quantity when its units are changed from one 
system to another, (ii) to derive relations between physical quantities 
when they are simply related, (iii) to test the correctness of an 
equation. 


(i) Change of units: An application of the idea of dimensions 
is concerned with the change of the numerical value of a quantity 
when the unit is changed. The numerical value of a quantity varies 
inversely as the value of the unit in terms of which it is expressed. 
This is true also for derived units. The method of changing units 
with the help of dimensions is shown below. 


Example; A substance has a density of 0.5 when the gram and the centimetre 
are units of mass and length respectively. Find the density when the pound and 
the foot are taken as units, 

Solution: We know, density has the dimensions ML~', 


*, The value in terms of the gram and the centimetre may be written as 
05 g cm-*. 


In the proposed units let the value be x Ib ft-* 

Then 0'5 g cm-* =x Ib ft- 

"n x=058 £0 os 1 (30°48) _ 94. 

*m05 To OSX Be 31-21 

. The required density =31-21 Ib ft-? 

[Note again that the units of mass and length are treated as algebraic 
quantities, | 

The above example of conversion of units,is a very simple one 
and can be solved in other ways. In more complicated cases, it will 
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be S eund that the method of dimensions proves, very; helpfuldin iconvert- 
ing readings ‘from one system of units into, another. t 

Gi) Deriying relations, between physical» quantities: When a 
physical quantity is known to depend simply on two or’ three others, 
the relation between them can be found by the method: of dimensions. 
This is illustrated below. 

(1) Period of a Pendulum: Suppose that the period ¢ of a 
pendulum depends on (a) the length’ / of ‘the string, (b) the mass m 
of the bob, and (c) the acceleration g'due to gravity. acu we may 
write 


i . f= kieme 
where k is a constant without dimension. 
J. IT) = IL (My (ETF 
| Equating the powers of L, M and T, we get 
y=0, x+y=0 and .—2z=1 
~ x=} and z=—} or t=k.JI/g. He (0-1.9.1) 
This is the required relation... As\y=0, the period does not 


depend on the mass_of the bob. The constant k has to be determined 


experimentally or, where) possible, by matheniatical ‘analysis. In this 
case we have found k=2z2. 


*(2)° Frequency of a stretched string: Let the frequency of vibra- 
tion (f) of a stretched string depend on its mass m, its length, l, and 
the: prenas. force F. ‘We may then write 


; f=km*lF*. 
i (T-*]={MILUMLT*}F. 
toe x+ze Of yz =0, 22721. 
z=},x= —$,y=—}. 
fek E. 


= .. (0-1.9.2) 
if w= mass per unit length of the string m= ul, and 

aoe k JF 
f S-N vu. (0-1.9-2a) 


H 
k has a value of 3. 


aisiais ig 
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(3) the»velocity- of a:icompression wave in ‘angas depends on 
the pressure p and density of) the»medium. ‘To find ithe relation 
between these quantities. 

In this case pept or v= kp*p’. 

The dimensions of velocity, pressure and density are respec- 


tively [LT~*], [ML-*7T-*] and [ML-*}. Hence we obtain the 
dimensional equation 


ULT- = [ME T- PML = (MeL UT") 


Equating the powers of [L] [M] and [T] on the two sides, 
we get 


xy+y=<0, —¥-3ye1, and -2x= -1. wer 


x=} Sincex+y=0, y= =}. . 


473 J 
vackphotnta/t.. (0.1.9.3) 
Here k has a value of 1; 


Limitations of the method: The method of dimensional analysis 
is subject to the following limitations: ( If any physical quantity 
depends upon four or more other physical quantities, we fail to find 
the relationship between them for the following reason. In the method 
of solving a physical problem by the help. of dimensions we obtain 
three equations dépending on the powers of [L], [M] and [T]. And 
from three equations we cannot: determine four or more unknown 
quantities. Y 


(ii) Two quantities may: have the same dimensions, but differ in 


natute. For example. consider energy and the moment of a force, 
The moment of a-force is given by the product of the’ force and: its, 


distance from a point or axis. Its dimensions, therefore, are 
[MLT-°] X [L] = [ML*T-?]; > These are also the dimensions of work 
or energy. Though the dimensions are the same, it cannot be 
claimed that energy and the moment of a force are quanties of the 
same kind. This discrepancy is explained by the fact that while 
energy is a scalar, the moment of a force, is a vector. i 


+ 


a 
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(iii) It cannot take pure numbers into consideration: 
We conclude with a summary table of units. 


TABLE OF UNITS 


aaia 
CGS MKS 
Quantity Dimensions Unit Symbol Unit Symbol 
2 
if 
Fundamental 1 
Length L centimetre cm metre m 
Mass M gram g kilogram kg 
Time T second s second 5 
d 
aoe L? — cm? — ms Sui 
Volume L ot cm? = m 
Density ML-* = g/cm? = kg/m? 
Velocity LE- — cm/s — m/s 
Momentum MLT -1 = 5 g cm/s - kg cm/s 
Acceleration LT-2 galileo cm/s? i. + m/s 
Force MLT-? dyne dyn newton N 
=g cm/s) (=kg m/s?) 
Pressure ML-T” | (barye) dyn/cm? (pascal) *. N/m? 
Work, Energy ML’T-* erg lyn cm joule M=Nmy 
Power ML?*T-* g erg/s watt W(=3/s) 
Surface tension MT-* - dyn/cm — N/m(=J/m?*y 
s ‘ (=erg/em*) 
Viscosity ML-T- poise glem/s — kg/m/s 
Moment of inertia] ML? - gem? — kgm? 
+ 
hoti i EXERÇISES 


1. What are SI units? Name fundamental units’ of the International system, 
and any three derived units. How are those named, connected with the cgs system ? 
2. What is meant by a coherent system of units? Ilustrate with two examples. 

3. What. is the present international system of writing unit symbols ? 

4. Illustrate the statement that a physical quantity consists of a numerical value 
and a unit. Explain it. 4 

5. What does physics deal with? On what is it based? 

6. Give two examples to show that unit’ symbols are treated as algebraic 
quantities. 

7. What is meant by the dimensions of a physical quantity? Calculate the 
dimensions of velocity, acceleration, pressure, work) and- power. | 
An ve What is meant by the principle of homogeneity ?. What uses can we make 

it 

9» The velocity v of a'wave in a gas depends on its pressure p and density @ 


fo the medium. Find how v depends on p and p. [Ans.: v=kJ/ pp ] 


10. Assume that the frequency f of’ a stretched string) depends only on its mass 
my its length 1, and the stretching force F. Find how f is related to m, | and F. 


[Ans.: f=kJFiml.] 4 


aDJ 8 
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CHAPTER 0-2 
*ELEMENTARY CALCULUS X 


0-2.1. Introduction 

In physics, in mathematics, not to speak of even in our daily life, 
we often come across continuously changing quantities—the most 
personal example, your own age. A little scrutiny would reveal in 
every case, a pair of changing quantities—one changing along with 
the other. . 4 

As examples we may cite the cases of the weight of a normal 
healthy baby which depends on his age, the solar heat on a clear 
summer morning on the hour, the distance covered by a moving car 
on its speed, heat developed in a conductor on the current it carries,, 
the heat radiated by a hot source on its temperature, the area of a 
circle on its radius, the volume of a cube on its side—the list is 
endless. 

Note that in each case, the preceding depends on the one 
following. These two quantities that are changing, are called 
variables. In each of the above pair cited, the first is the dependent 
variable the second, the independent one ;.for only when the second 
one changes, the first is found to do so. The dependent variable, say 
y, is said to be a function of the independent variable x, the relation 
between them being expressed as y=f(x). The expression just means 
that y depends on x. 

Instances where one quantity depends for its value on two other 
varying quantities ‘are also many; as for example, the area of a 
rectangle depends on its length and breadth, the volume of a cone on 
its height and base-diameter, the distance covered by ‘a moving car 
ón its speed and time taken, power of an agent'on the applied force 
and velocity generated. The general functional relation in such cases 
can be expressed as 

z=f (, y) 
where z is the dependent and x, y independent variables. 

Very often we need to know the rate of change of the dependent 
variable with respect to that of the independent. variable, When both 
these changes are very, very small the process of finding this rate 
(dt 'stio of the changes) is said tobe differentiation and the rate, 


*The subject-matter of this chapter rightfully belongs to the Second paper of) 
Maths you are going to study. Here we are presenting it in a brief and utilitarian way 
to show you that simple differentiation and integration processes are actually easy. 
You may ignore this chapter if you so desire. ‘ 


2 


find it; we have 

Ce2sr or C+dC=2x(r+dr) or dC=2n.dr 
S Aa 
dF 

` “In this Way we shall proceed to find very simply a number of neces 
gary differential co-efficients, In fact Newton invented infinitesimal (i.e. 
; differential calculus in his quest for finding accurately the rate of 
change of motion with time—a basic problem in mechanics. The 
reverse process, of adding up vanishingly small quantities to build up: 
a finite quantity (as adding up innumerable dr's to arrive at C, the cir- 
* — Gilinférence) is the twin branch of calculus—the process of integration. 
In both the methods of differentiation and integration a clear concept 
6f small quantities of different orders is imperative. We proceed tol 
B ġo so in the next article, } 
5 6-22. Quantities of Different orders of Smallness : | 
Quantities are not small or large by themselves but are regarded 
as small or comparable with respect to similar quantities. The carth 
errs at:0000. salen, dat ch Sto oun HG ech ad 
“their separation is 93 million miles. Though the diameters are quite. 
Serer. soe, Sestncnpens consider them. fhe. cach and HAS 
tin, at points compared to their separation, as it is so very large in com: 
parison. Again, note that 60 minutes add up to an hour, 24 hours to. & 
day, seven days to a week; so 1440 minútes add up to a day and 
= 1009 minutes a week. Thus compared to a week how every small à 
minute in! Consider then how very smaller a time-interval one second: 
would be. One minute ts 1/60th of an hour—a quantity of first order 
malines | then a second, 1/@th of a minute must be a quantity” 
of second order of smallness. Again, a rupee being O01 part of a 100: 


er h 
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that as a small quantity diminishes progressively, its higher pow 
becomes progressively vanishing and hence negligible, But you n 
remember that a small quantity multiplied by a large one (c.g. a few 
hundred times one paise) may not remain so. 

Let us have a square of side 10 m (Fig. 0-2.1a) ; let bach of sides 
be increased by 1 m when the arca increases from 100 m° to 121 m? 


` 


"N 
g 
€ 
S 
wll 


(dei? 


to) 


Vig. O24 - 
(1042.10.14 1", In fg 0-2.1.1(d) the increase is depicted ; two rect 
angles (upper and lower) and one small square (upper right) have been 
added to the original square. Let us next increase the side by | cm * 
only ; observe that how very small the added square has become. 
62.3, Differential co-efficleats of some Algebraic functions : 
(1) Let y=.x ; let x be increased by & when the increase in y 
is yy. Then y+iyextax or ty=(¥+h))~ ya (tix) x= ix, 
If we now consider Ax to become very very small i.e, it tends to 
its limiting value very close to zero, then we write 
Wyse A A OI) 
(2) Letyex’ then tiya (rA) tma’ 42nd (xy) It 
we now make Ax very small, its square (4x)* become a quantity or 
second order of smallness and hence negligible. a 
So pen ed i en 3x-+(4x)* — x" = 2x,8x -43 
“og ae -2-2 e 
M) Let pex’; then piju „pay psig EO) 
+h). Apia for very small values of àx, ( ay 


onë 


; r see y 
Zo e haini 0233) 
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(4) Let y=x* ; then y+8y= (x+ 8x 4 = (x-+5x)?(x-+8x)* 

= [x? +2x.8x-+(8x)*]? 
[x?-+2x.3x+(5x)*]? =x +4x° 3x + 6x2.(3x)? +4x°.(dx)° + (8x)* 
As before, neglecting higher powers of (òx) we obtain 
sy = (x +x) — xt = 4x8 .8x 


Doit Lsa (0-2.3.4) 
dX 5x0 5x 


(5) Let y=x°. 
Then y+òy=(x+8x)" = (x+8x) (x+ 8x)? ; 
=x°+5x4ax-+ 10x? (8x)? +10x2 (3x)? +5x(5x)* + (èx) 


Again neglecting the higher powers of èx when it becomes 
very small itself, we get as above 


ET 2 =5x* (0-2.3.5) 
Let us tabulate the results obtained so far and we get 


desley 


J 


ci lx 2x1 3x? 4x? ue 


From the table we may lay down the procedure for differen- 
tiating simple algebraical functions as 


(i) Bring down the power in front of the quantity and 
(ii) Reduce the existing power by 1. 


That is generalising, if we have y =x” 


y x bt xe 


then ay = nx"? (0-2.3.6) 
_ 0-2.4. Differential 


Co-efficients of Algebraic functions with 
constants : 


Constants may be associated with algebraic quantities in two 
ways— 

(i) it may be an added (or subtracted) constant e.g. y=x° +a 
or (ii) l it may be a co-efficient, as*for example y=Kx°, 
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In the first case the constants just simply disappear on c 
ferentiation as it should, for a constant cannot change and soc 
have no place in any rate of change. In the second case howev 
the constant retains its position as the co-efficient in the differenti 


co-efficient. 
(i) Let y=x®ka: then y+ y= (yt) ta 
ay =[x+x)? +a] —(x* +a) 


=2xix-+(Sx)? Or 2- 2x+8x 


Tien Ye oe (0-2.4 


Note that the differential co-efficient of, only x* and that 
(x*4a) are identical i.e. the constant added to the function d 


appears on differentiation. 


(2) y=Kx*; then y+8y = K(x+8x)* 
s y= K(x+4x)° — Kx’ = K[(x-+5x)* —x*] 
= K[3x*.8x + 3x.(8x)* + (5x)*] 
2 = K[3x*+3x.Ax-+(03)"] 
ut ViW -K3x" (0-244 
5x0 Ox x 
Note that if you just multiply the differential coefficient of 


by K you obtain that of Kx®. In these two examples constan 
or K may have.any value. = \ 


0-2.5. Differentiating Sums, Differences, Products and Quotient 


(1) Let y=u+» where all the three are variables. To differ 
tiate, let each of them increase by small but’ finite amounts. ` T 
we get y+5y=(u+du)t(v+5n) isiat 


Then ôy = aut dy dy _du , dv 
beled heey i dx dx* dx 

As an example, let y=(x?+c)+ (ax* +b) 
Then dY 954 4ax? 


ser RF, w.a PRAE g 
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(2) Lety=uy then y+ay = (U+ U)(u + ču) = üv +u.sv+ v.u -+ uty 
*, By =U. ðy + v.du+ du.dy 


éu.dy 


èy bu ou 
or, 3x u. tee at 3x 


Now the last term being a product of two small quantities, is of 
second order of smallness and so, negligible. Then 


dy dy 


= 4 224 de 0-2.5.2 
dx Rae ds : ) 


So to differentiate a product 

(i) take the differential co-efficient of the second and multiply 
it by the first term as such 

(ii) differentiate the first term and multiply by the second term 


as such and 
(iii) add up the two products. 
As an example let y=(ax* +m) (bx* +n) 
D- (ax? +m). dbx! tn)+(bx*+ n) f (ax? +m) 
= (ax* + m)(4bx*)+(bx* + n)(2ax) 
= 4abx® + dbmx® + 2abx*® + 2anx 
= 6abx* + 4bmx? + 2anx. 


i (3) Lastly, let y=u/v ; to differentiate we follow the procedure 
laid down above and write 


dy=ud(L joa eda 1 
poed(t)rd)ns (La) Loa 
du _udy _vdu—u.dv 
Ce Lada MORN (0-2.5.3 
jie. to differentiate a quotient 


(i) Multiply the denominator by the differential co-efficient of 
the numerator ę 


Gi) next multiply the numerator-b i 
aaao t by the diff. coeff. of the 


(ii) subtract the second from the first and finally 
(iv) divide the difference by the square of the denominator. 
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f ` 2 MC 
As an example we consider the function, y Rey 
A (axt +b) A(x" +c)- (x2 +c) a taxt +b) 
ax (ax* +b)? 


= (axt+ b) 2x — (x? +c) 4ax® 
(ax* +b)? 
= (2ax® +2bx) — (4ax® +4acx*) 
(ax* +5)? 


_ 2bx- 4acx® —2ax* 
(axt +b)? 


Exercises: (1) Find from first principles how the following quantities 
change w.r. t. change in radius—circumference and area ofa circle, surface area 
and volume of a sphere, lateral area and volume of a cone of slant length / and 
height h. 

Verify that the rate of variation of spherical volume equals its surface area 
and that of a circular area equals its circumference. 

[ 20, 2rr, 8r, Arr’, 2r and 3rrh ] 

(2) The relation between the candle power of an electric lamp and its voltage 
is C=aV> where a, b are constants. 

Find the rate of variation of C.P. with voltage at 80, 100 and 120 V 


given that a=}x 10-?° and b=6. [Sabr 0.98, 3.00 and 7.47 epjvolt | 


3) Differentiate w.r.t.x (i) ax’ i) (2244) gi GPO 
(3) Differentiate w.r.t.x (i) ax*+bx+c (ii) EET (iii) (Fb) 


(4) EMF to maintain an electric arc of length? with a current strength j 
is E=a+bl+(e+khj 
where a, b, c, k are constants. Find rate of variation of emf with land j. 


0-2.6. Exponential and Logarithmic functions and their Differentials 


A. Binomial theorem: An expression of the form (ax+5) 
containing a pair of terms is called a binomial (bi>two, nomial > 
pertanining to number ) expression. Newton devised a formula by 
which abinomial raised to any positive integral. power can be 
expressed in the form of a series of finite number of terms. This 
is a very important result and we establish itina very simple way. 
We know that 


(x+y)? =x? + 2xy+y* 
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(x+y)? =x? 43x2y+3xy2 +y? 
(x+y)t = (x +y)" (x+y) = xt 44x yt Oxty? Axy +y 
(xy) = (x+y) (xH)? =x" +5xty+10x°y? + 10x°y° + Sxy* +)" 
(x+y)? = (x+y) (Hy) Sx? F 6x y+ 15xty? +20x8y + 15x24 + 
Oxy’ FIN 
(x+y) = (x+y) (w+) =x" EIEE talatys E 35y +3531 78 
+21x2y5+7xyo +x" 


Hence extending this series we may write 


E z eT 
(x+y) = x04 a y+ e = xn-èya 4 Aln a: 2) n= ays 


Hoesa +I" 


n'n— n(n=>1)(n-2) 
13 


1) N-23 y2 n-3 y3 
xX T Paida". 
Z Y 


sai m oF 
Sea Rep +y" (0-2.6.1 


[ The sign | is called a factorial. It is in fact a short-hand to express th 
Product of successive +vo integers e. g, [5=5.4.3.2.1, |4=4,3.2.1 etc. ] 


The expression above (0-2.6.1) is called the Binomial theorem 
—one you will have to learnin- your Maths. paper I with great 
emphasis. Y 
B. Exponential Series: Let us, investigate the binomial 


expansion of the expression (1- */n)". We have from the binomia 
theorem 


Dee p wa 1 anan : 
(UR) iega Laasi ea 


n(n= 1)(n=2); yn- 1\" 
settee A vaL 


2 -I a- 192) (nn 2 2)(n 23) 
Me hoo +a + E n 


be Hei (0-2.6.2) 


‘Let now ñ grow to a very, very large number i.e. n—> x ; then 


(a1), (n=2), mÈ 3) ete. differ very little from n itself and all oi 
can be taken as equal . trg we have 


iiy (i+ “ltt tetdi 


shies: 
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Now the sum of this convergent series upto, infinity is said to 
be the exponential term and denoted by. e. i5 


ER e=i+lityytgyt Saty to infinity=2.718,281, , (0-2.6.3) 
n F 


Let us put various values to n and find the pees for e. We 
then have à 


(14E) =2.250, (1+4) = 2.489, (+ jt = 2.594, 


141_)*° = 2,653, (1 °° 2:04 
(t+z¢) -2 „(1+ ra 


1 Ra 
1oy) 
10000 


na? 7171, (1 + = 2.7182——we are 


ae Ba 70000) 
getting an incommensurable quantity as the sum, where 2<e<3, 


The term e carries great significance, greater than the other 
incommensurable: quantity ~ which you) know ; for, e is related 
to the natural rate of growth or decay of many physical quantities. 
If the time rate of growth or decay of a variable at any instant is 
proportional to its value at that instant then its growth or 
decay rate is said to be natural, logarithmic or organic. 


Growth of money at compound interest in a bank, normal rise 
in population in a city, the growth in height of a healthy sapling, 
decay in mass of a radio-active element, discharge of a condenser 
through a resistance, damping of amplitude “and velocity of a 
vibrator ina resistive medium, in each case with time, all occur 
exponentially. 


To get at what is. meant let us study. the growth of money at compound 
interest. Let 100 iupees increase to 110 at the end of a year at 10%, in two years 
(Principal 110.00) to 121 (for, interest is 11.00), after three years (Principal 
121.00) to 131.10 and so on. After 10 years, 100 rupees grow to nearly 259.40, 
Note that after'a year, a rupee earns 10 paise as interest’ growing into 1.10 and 
after 10 years multiplies 259.3 75 times, Now let yo be the initial principal which 


increases annually by it fraction for n years, then after this lapse of time it 
will total up to Yn=Yo(1 +1) 


But remember, money is increasing continuously and not in annual jumps. 
To’ get at a more accurate value, we divide ten years iuto 100 parts when the 
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interest will be allowed ii bie and the total will be de 
Yn=100 (eo °° 7270.40 rupe2s 
To get at a more realistic lyalue let the interest be paid 10 000 tim2s in ten: 


years when the total will reach 


I \10 000 


Ya=100 (1+ qo ww ~ 271.82 rupees 


Thus the ratio e-i represents the total increase after n incre- 


ments, Also we note, however large n may be, the expression (1 + 4)" -> 2.71828: 


«+ (Don't you forget this value). 


The Exponential Series : We shall have 


on lT- 


nox 


Lt (v+4)" 


n> 


ar’ h nx(nx—1) 1) mx(nx=1)(nx—2) 1 
ilu 2 eat 3 ray 


to infinite no. of terms 


a 14g Ra palen ee Dya, 


0-2.6.4 
LERTE IEA ( ) 
[ for, when n is very si nx =(nx —1)=(nx —2)=.., etc ] 
igh ie- ax gene (0-2.6.5): 


J \ 
¢ i.e. on differentiating &*, we get the same quantity back. The 
importance of the quantity e” lies, amongst others, on this unique 
property. Another factor lending importance to e, is the fact that 


Napier the inventor of logarithms, took this as the base of his 
system. 


Logarithm and its Differentiation : If in the Naperian system, 


y is tak d i i 
ie en to bee” then x will be the logarithm of y to the base e. 


oe wehave x=log,y or In y (0-2.6.6) 
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The term In refers to natural logarithm (Logarithm Naturalis). 


Y 


o 1 2 
ta) (b) 
Fig. 0-2.2 


The logarithm in general use has 10 as its base. The relation 
between the two is given by 


In x= log, x = 2.303 log,o X (0-2.6.7) 
Now then y=logex or x=ev 
ax _ oy dy 11 iiei 
Er e EAS ae (0-2.6.8) 


This result is very peculiar for differential co-efficient of loge x 
turns out to be x-* which is not obtained from differentiation of 
powers as illustrated in (0-2.3.6). If we follow that method we shall 


find that (x9) =O x-1 =0 and not x-*. Fig. 0-2.2(a) & (b) show a 


quantity increasing exponentially and the corresponding logarithmic 
curve, They look alike, for basically the equations are identical, 
though values taken, differ. 


3X? Axa? 


Examples: Differentiate eat e” e , loge (a+x*)* 
(1) yse*, Let z=-ax; =". y= 

nae dz |. dy S@y dh ae 

Paes ež and ae tit: ae gee ae~’ 


Alternatively, loge y=—ax ;*.-. r dy=-a.dx 
te 


y i sae ae 
OS ays —ae 


28 


1 2x 
(2) PP Let zex? Bek 


dy _dy dz _ 3x" 2x 2x8" 
dx dz dx HS3 
A 


2x 
Alternatively loge y=, “or ~ dyn. dx 


1 
X» 
dy 2% _2x,x7/3 


Radia. -3 


G) yee NH", +. loge y= (x2 +a)? 
L dy=}. (x2 +a") *, 2xdx 


x? +a" 
Ci eee ae ees 
dx Ieta Nx? +a? 
(4) y=loge(a+x*). Let z=(a+x*) 
dy dy de T yyy 3 
dx dzdx z` apx’ 


ce y=logez. .*. 


0-2.7. Trigonometrical functions and their Differentiations : 


A. Two Limiting Theorems: Elementary trigonometry tells 


us that (See fig. 0-2.3 ) in radian ‘measure 


— are (J). _ PQ (arc) 
radius (r) OQ (radius) 

Opposite side (PR) 
Hypotenuse (OP) 

Adjecant side (OR) 
Hypotenuse (OP) 


sin = 


cos 0= 


Note that the semi-arec PQ is somewhat Tonger, than the 


Fig. 0-2.3 
in value, 


semi-chord PR. Now consider 4 
smaller angle 6’; see that (i) the 
semi-are P’Q and semi-chord P’R’ have 
shortened (ii) their difference has 
diminished (iii) the adjecant ` side 
OR’ has lengthened: These changes 
mean (i) both 6 and sin 9 have 
diminished’ (i?) their values have 
come closer (iii) cos@ has increased 
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For a smaller value of 6 (0” in the figure) the trend continues. 
For a very small yalue of 6 (6"’) the semi-arc and the semi-chord 
have become almost identical and the adjecant side OR’ almost 
is equal to OQ (i.e. OP). Thus we conclude 


; ME N opposite side _ are length _ 6 0-2.7.1 
g Ane AE hypotenuse — radius ( ) 
a _adjecant side _ radius _ 0-2,7.2 

(ii) on cae hypotenuse radius ST (0-2,7.2) 
iii tsino 28 ~ i 
Gii) a tenes sara (0-2.7.3) 


In various deductions these results come handy. 


B. Differentiation of Sine 0 : 
Let us have y=sing; then y+s5y= sin (0+0) = sin 6.cos ô 
+cos 6. sin 0. Now 59-0, sin 39~39=do and cos #@=1. Then 
y+dy=sin @+cos 0.d0 or dy=cos 6.d0 


dy _ 
daa cos 9 (0-2.7.4) 


C. Differentiation of Cosine 6; 

Let y=cosd ; then y+ ôy =cos@.cosid —sing.sins6. 

When 3030 sin se=%9=de and cos ?@=1 
y+dy=cos@—sing.dg * dy== sing.do 


prc) ee aires ef 
oi era sin 0 (0-2.7.5) 


D. Differentiation of Tan 6: 
Let y =tan? ee Then by equation (0-2.5.3) we shall have 


sed (tang) = 2U (sin^) = sino.d (cose) 
cos”é 
_ cose.cosedé — sing.(—sin#)da 
cos*@ 
(cos*e+sin29)d?__ da 
cos*6@ cos? 


© (tans) =sec"o cheer (0-2.7.6) 
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E;  Differentiations of Inverse Circular Functions + 
Let y=sin-* x; then x=siny. Then by equation 2-7.4;we have 


- dž cos y= J Tasin' p= J 1a 


MeT 

ts Re areas! (0-2.7.7) 
ban PN l= x* 

Again let y=cos-* x ; then x=cos y 

h B- —siny= -y 1-008" y=- vT 
ie a e 0-2.7.8) 
REN yee T= a ( 


Examples: Differentiate: (i) cos*@ (ii) sin(x+a) (iii) y=loga sin 0 
(iv) tan 30 


G) Let y=cos* 6=(cos @)*=z* where z=Cos 6 


n Dogn, do 
EA 323. d sin 6 


dy _dy dz _ 49. (-sin #)=—3 cos?@,sin 0 


"dy doda 
A (ii) Letz=x+a .. y=sinz or @ =o 2=008 (x +a) 
a Again Zai ae D -d dr cos (x+a) 
i (iti) y=loge sin ð. Letsing=z then y=log,z .*, wot and a —cos 8 
dy _dy C A | 


Seater) p cos 0=cot 0 


(iv) y=tan30. Let3o=z ., 42-3 and y=tan z 
sh dya) d 
+ gsr z or B-A de so0131,33 soct3e, 


0-2.8. Geometrical Interpretation of Differentiation : 


Any. expression containing a pair of variables x and y can be 
represented graphically. In co-ordinate geometry you learn that 


eee 


es 
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r x2 2 x? Biel | 
the relations Y = mx-+c, x?+y?=r?, (=) + (5) 44; E) -()= b 
y? =4ax+6 represent respectively a -straight line, a circle, an 
ellipse, a hyperbola, a parabola. In cach case we may 


find the ratio (2) also we shall find that this ratio represents the 


slope of the tangent at any point on the curve concerned, with the 


x-axis. 


Let PQR (fig. 0-2.4) represent a part of an ellipse on co-ordinate 
axes OX and OY, and Q a point (x,y) on it.: If the point Q is 
moved along the curve, its y-value will 
change along with its x-co-ordinate. 
Suppose x is moved by a small value dx 
to the right ; we observe that onthe curve | [| _-___ 
y rises upwards by an amount dy. Then P| 
the ratio ay would measure the degree 
or amount by which the curve is sloping 
up between Q and T. On close scrutinee, 
you will recognise that at different small 
parts of the curve, the sloping up is 
different and so we cannot very well 
speak of a single slope in the region QT. 
If however we take QT to be very small (Q and T very close) it 
will become practically straight ; then it becomes true to say that 


p er X ete dX 
Fig. 0-2.4 


the ratio (42 ) is the slope of 


the curve along QT. The 
straight line QT then becomes 
indistinguishable from the 
curve QT. [ Recall that 
when the arc subtends a very 
small angle, the arc and the 
chord become almost the same 
as we noticed when discussing 


Lt sin o= (eq. 0-2.7.1)}. And 
00 


Fig. 0-2.5 
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if OT is indefinitely small, the straight line cuts the curve 
at two coincident points i.e. touches the curve practically at one 
point and hence becomes a tangent with evidently the same slope 


as QT ; so that 2 represents the slope of the tangent to the curve 


at the point Q for which the value ay is found. 


s4 
“Slope of a curve” carries no precise meaning, for at different 
points (Q, R, S), tangents drawn have different inclinations (0,, 02, 
0s); as Shown in fig. 0-2.5 but a slope of a curve at a point (say R), 
has a perfectly valid meaning, for a definite inclination (72) to the 

OX axis is associated with the tangent at the point. 
Note that in fig. 0-2.4, dx is a small displacement to the right 
and dy the same, upwards. They have to be small, in fact very 
very small—though it is not possible to 


show them in the diagrams. So we 
conclude what we have stated above, that 


the ratio (2) is geometrically given by 


the tangent of the slope angle (6) made 
with the x-axis by the tangent drawn to 
a point on the curve in question. 

In fig. 0-2.6, slope: of the line OA to 


the x-axis is 45°; so @ tan 45° = 15 


Fig. 0-2.6 


slope of the line OB <45°, so Pai, that 


of OC>45° with ie >1. The line FG is perpendicular to OX and 


hence its slope is 90° and -4 =œ. Finally, the slope of the line 
DE is greater than 90° with the +ve direction of the x-axis and 


Te hE d) } $ 
hence as is negative. For a st. line, 2 is constant eyerywhere. 
IA aX. à : x 


But it is not so for a curve as shown in fig 0-2.7. There the 
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slope slowly diminishes as you move from A to B and 
so does dy. . But it is every- 
dx 


where +ve. In the very small 
regions CB and DF, tangents 
are parallel to x-axis, so the 


slope and hence a are zero. 
x 


Hence differentiate a- quantity 
and equate it to zero to get 
either a maximum or a mini» 
mum value of the expression. 
In the CD Spiga the slope is Fig, 0-2.7 


greater than 3 and hence (2 r) negative: Itisagain positive in 


the part FG but beyond G is « as the slope becomes 2/2. 


Questions: (1) Plot the curve y=gZx*—5 on amm graph paper. Take 
x=1, 2,3, 4 and mzasure the slop2 angle for each value, t 


Find the slope by. differentiating the. expression. Verify whether the angles. 
agree, from a table of Natural tangents, 
4 


(2) If y=(x—a)(x—b), show that at the point x=} (a+b), the’ ratio 


dy 
cr vanishes. 


(3) Find the differential co-cfficient of the equation y=x*+3x. Plotona 
graph values of (2) when x=0,3,1,2. [The result would be a parabola 


Similar to Fig 0-2.5 ] 13 (x241) 33, 33. 6.15). 


(4) Find the slope at any point of the curve of equation (x?/9)+(y2/4J=Ty" 
also find the num >rical values of the slop? where x=0 and x=1 


[-3 Rr ve 7] 


0-2.9 Integration : 


By this term we mean. summing up’ of a very large number of 
small quantities of same nature.» The direction to sum up a large 


number of small but finite. sized terms/(ix) is provided by the Greek 
3 
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detter x (sigma) which means that Sòx=x- When we have to sum 
wpa very large number of very very small quantities (dx) the 


direction is communicated by the symbol fivhich is nothing but 


an elongated S, i.e. fax-x 


Asan example of summing up small quantities, let us take a 
series of terms in G. P. 


Ath tetatiotretertrbetaigt... upto infinity. 


You know that if we take an 
a ers infinite number of such terms then 
fe SUT they all add up to 2. Take a line 

Fig. 038 2° segment } long; add to it $", then 

t (°), then again ({)’, and then 
again (7y). Whenever you stop the sum will fall short of 2 by the 
amount you have added last; e.g. if'the last term added is }” then 
you fall short by 4”, if that is ¥,”, then you are short by ,,’ and so 
on. Only if you add innumerable terms then only you will reach 
2. But you cannot draw beyond the tenth term (qdvz)", you will 
not be able to see the 18th term under a microscope, although 
integration refers to summing up cf innumerable terms. Integration 
as an alternative, fast yet simple but accurate method of 


“summation instead of the labori i i ; 
ae ous time-consuming method out- 
lined above. k 


‘We look inch int i 
Mitegration from iffer i i 
4 l two different view points, 


U 
(1) Integration as the reverse process of differentiation, and 


(2) Integration as i 
a summation of a very y 
“small quantities. of y large number of very 


A. i 

ie ae Process to Differentiation : As for all other mathe- 

Sa p r dans 8 Process reverse'to differention is possible. If 
Srentiating xt we have obtained 4x”, then it must be possible 
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to go back from 2 = 4x5 to y=x*; a point must however need’ 


be remembered that on differentiating a quantity y=x*+ Cc(c= 
const) we also obtain ar =4x*, Hence as we reverse that process to 


integrate, the provision of an added constant must be there; the 
constant is originally undetermined but can be determined from 
the so-called boundary conditions. This unknown constant is 
said to be the Integration constant, and this integrated result is said 
to be an Indefinite integral. So it may be said that if 


g =nx"-*.dx then \ay =nx"-tand y=x"+C (0-2.9.1) 


will be the result of integration. 


Hence the working rule in this case will be : raise the index by 
Land divide the quantity by that increased index ; in other words, if 
tet 


=x" then y="— 


x 
te (0-2.9.2) 


dy 
x 


imi ig 4 = 3 agat É 
Similarly if Bie ax" then y TTI +C (0-2.9.3) 


Examples : (1) g =x*, Then dy=x*.dx 
d 


. y= | dy= | x*.dx + C=*+C 


(2) Ba xtaxt 45, Thon dye xtdxbx?.deS.dx 


‘Lops fxt.dxt fxtidx f S.dx+C 


| 
| 
| 
| 
i 


ax 
stg tte sioti pab 


ETT URA 


This is how we may arrive at indefinite ‘integrals ‘from 
differential co-efficients. A table is provided below setting out the 
results of differentiating and in‘egrating the different functions we d 
have so far studied. ™ 


4 


36 INTRODUCTOR} 


TABLE FOR DIFFERENTIATION AND INTEGRATION 


dy \ d 
dx if ae 
x $x? +C 
a ax+C 
xta Ex? tax+C€ 
ax zax’ +C 
x2 : gx? +C 
xn yate 
i n+l pS 
x loge x+C 
sin x —cos x+.C 
cos x sin x+C 
tan x —log, cos x+C 
e” } e+e 
log. x x(log, x—1)+C 
j: eia 
log, x 
sin-*x 
cos~*x 


B. The Process of Summation: The Definite Integral: The 
Subject-matter of integral calculus arose from the attempt of 7 
finding the area of a surface bounded by curved lines. : 

Let us for example have an area bounded by a curved line PQ 
(fig. 0-2.9) two perpendicular lines PM(=y,), and NQ(=y2) i 
and a horizontal line MN. Let PQ be a part of a curve BPQD © 


which has an equation y=f(x),and let OM=aand ON=b. Then 
the required area will be off 


Hu 


b : 
PMNQ =È fods "L' 
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To find the area we (i) draw a large number of perpendiculars 
on the x-axis so as to (ii) cut up the required area into a large no. 
of strips, then (iii) compute the area of any one of such strips and 
finaly (iv) add up the areas of all of these elementary strips. 


Let us first compute the area of the strip ACC’A’; we haye two 
perpendiculars y and y-+éy, ; 
a horizontal base ôx and at the 
top the slightly curved line 
AA’; let us. take y as the 
average of y and y+ôy so 
that the area of the strip 
would be y.5x. Now, as we 
can make $x as small as we 
please, we make it so small 
that the strip becomes very 
narrow and its average height 
becomes equal to that at its 
mid-point. Then the area of this very narrow strip becomes 


ds=y.dx. So 


Fig. 0-2.9 


area PQNM = fas = \y-dx 


Note that the area here is definite but limited by PM to the leff and 
QN to the right—you are summing up (or integrating) between two 
definite limits. Here the value of xis not less thana, nor more 
than b—the Jower (or inferior) and the upper (or superior) limits 
respectively. Such limited integrals are definite integrals. , Hence 


area PMNQ= | ds= f(x).dx= fyi y.dx 


aa z=a ra 


Again we may look upon the area PMNQ as the difference between 
two areas OBQN and OMPB. In fact any definite integral is the 
difference between the two integrands, one at the upper limit and 
the other at the lower. That is why the integration constants that 
appear for both integrations cancel out by subtraction. Integration 
constants do not occur in definite integrals. 
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toe Sdr 
Examples : 


a). Find the area ofa right-angled tringle of base 8 units and height <4 units 
by integration, 


In the triangle AOB w> have the-hypotenuse OA as jane inclin24, ‘straight 
ling of equation y=4x(for ylx=4). Then the area would be 


a y x? pi 2 
ydx -f x deat xt =} Tsa 


ko =o 
iila 


=16 square units. [ Integration const cancels out } 


(o) Sunis B X 


From clomsntary geomətry w> know that the required area i; }ba=16 units.” ' 
(2) Find the area of a circle of radius R; ’ 


_ Tm the fig, let O be the centre of a circle of radius R ; draw an annulus of inner 
radius r and breadth sr. We may consider the circle 
to be the sum of areas ofa very large number of such 
annali from the centre to the circumfsrenze (r=0 to 
raR), 

Tn finding the area of one strip (=!xb) we note 
that its length is 2er and breadth ar, i.c. the arca (54) 


becoms 2er.ar ; now making the breadth vanishingly 
small we shall have 


r=R 


R 
f the circle, A= = .dr= ( 
area of the circ! fu Sure 2r {rade 


=n; 


=m [5r +e]; f(r +2¢)—(0"+2c) ] 


=*R® | Integration const cancels out } 
This is a result familiar to you from mensuration. 


ele 


Detar 
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(3) Find the volume of a sphere. 


On the sphere shown, put side by side alarge number of pap2r ribbons pores 
to each other. Consider one such strip PQ of radius 


yand wilth sx. The strip being circular its area is 
wy* and volume xy*.sx. Note from the figure that 
y? =r? —x? where the value of y may change from 0 to 
r depending on the position of the ribbon PQ on the 


sphere. Hence, reducing the width to a very very 
small value we have 


kot 
Volume of the sphere V=2 $ awy*.dx 
s-o 


=2 froma deat [fra- foe } 
-r [r f e- (e J] 


=r? —jr*)=ger* 


once again a result known from mensuration. 
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KINEMATICS 
REST & MOTION 
OF A PARTICLE 


I-11. Mechanics : 


The science of mechanics deals with such ideas as motion, force, 
energy and their relations with one another. Mechanics is said to be 
the grammar of physics, for it enters into practically all other 
branches of the subject. It is fundamental sincè a knowledge of 
mechanics is a must, for properly understanding physical pheno- 
mena. Though the name implies a connection with machinery, they 
and other practical applications* properly belong to ‘applied mecha- 
nics’. Gravitation, elasticity and the mechanics of fluids which we 
shall be studying later under Part IT, actually form branches of 
applied mechanics. 

Mechanics proper is broadly divided into statics and dynamics, 
The former treats of bodies at rest under the action of two or more 
forces. The latter deals with bodies in motion, again under the 
action of two or more forces’ but simplified into a resultant un: 
balanced ‘force’ or torque. Dynamics again, is divided into two 
branches, ‘Kinemarics and’ kinetics. The former studies the nature of 
motion Without bothering about their causes ; the latter studies the’ 
causes and laws of motion. 


Mechanics itsélf is ‘an important branch of Applied Mathematics. — } 


Our line of study will not be along’ that traditional ‘discipline for, 
you shall be doing that in your mathematics classes. Our purpose 
is only an intelligent application of the results of mechanics. We 
shall confine ourselves fo understanding the basic ideas and results 
and seeking to apply them to solving various simple problems. 
Some Definitions: Body: Any piece of matter is a body. It 
should have mass and volume. If on applying equal and opposite 
forces, however Jarge, its shape or: size does not change, the body 
is said to be rigid. If they do change, the body is elastic. No body is 
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perfectly rigid; it “is! an impractical, idealised concept only, but 
helpful in easily grasping relevant laws. Whenever we talk of a 
body in Part I, it would be a rigid one. In Part IT we shall consider 
elastic bodies which undergo changes in shape or size under balanced 
forces. 

A rigid body is taken as a conglomeration of particles (bodies of 
hegligible size), their separation remaining unchanged under all 
conditions. 


Particle: It is a body of negligible dimensions and corresponds 
to a point in geometry. Like the latter, it has»position but unlike 
it, has also mass. These two quantities, position and mass) com- 
pletely specify a particle. 

A body may be considered (i) a particle. with its mass concen- 
trated at its centre of gravity, more appropriately, at its centre of 
mass* and (ii) also when its separation from another is very large 
compared to its dimensions. 

e 

T-1.2. Rest and Motion: 

A body is said to be at rest when it does not change its position 
with respect to its surroundings. Your book-shelf fixed to. the wall 
always remains there. You, go to, school..in the morning. return 
home in the afternoon day after day and you find them always there. 
never elsewhere. They are at rest apparently. 

When a body changes position, with respect, to its surroundings 
it is said to be in motion.. Ina football game you are seeing, the 
ball appears to be every. successive moment ata different position ; 
the football is in motion. You board a bus. or a train from a 
stoppage and you recognise it to be in motion when you find that 
the stoppage appears to be falling back with time. 

However your home is not at rest. You know that the carth is 
Spinning about its axis once in 24 hours... You are crossing a thou- 
sand miles in space each hour. The. astronauts on the moon. have 
Clearly seen the earth to. be rotating. Again, the spinning earth is 
moving along its orbit round the sun once a year. The sun along 
With the entire solar system is moving round the centre of our 
_ galaxy at about 200 miles a second. So nothing on earth is at rest, 


Ba these concepts will be treated in Statics, chapter’ 1-7; 
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to an observer anywhere outside it. The passengers seated inside a 
moving bus or a train appear to be at rest when looking at each 
other but appear to a man on the road or station outside, to be in 
motion. Hence rest and motion are relative, i.e. at rest or in motion 
with respect to a reference or standard landmark which we consider 
to be at rest, So is your home, referred to some other building, at 
rest. In a football game the ball is in motion with respect to you, 
standing at a fixed point. So, for any motion on earth we take the 
earth to be the reference and we judge anything to be at rest or in 
motion with respect to it. Look out on a clear night to the north 
and locate the Pole Star; observe for a few hours; you will find 
other stars close to it, appearing to move round it. 

Remember, motion is itself imperceptible; we perceive it due to 
the change of position of a body with respect to others; we per- 
ceive it because of sudden changes in motion due to bumps, jerks, 
jars, vibrations. If you are in a closed vehicle mowng smoothly, 
such as modern high flying jet-planes or the famous Japanese bullet- 
trains, you will not be aware of your motion. Because the earth 
spins and moves quite smoothly, man till the days of Copernicus 
(1469-1543) took the earth to be at rest. Galeleo (1564-1642) was 
hauled up before the dreaded Inquisition in Rome for teaching that 
the earth moves and Bruno was burnt at stake: for believing so! 
Long before, Aryabhatta of India ina book in 499 A.D. had how- 
ever declared (and was believed) that the earth is round, it spins 
about an axis producing day and night and also goes round the sun 
in company with five other planets. 

I-1.3. Reference Frames : 

We therefore need a reference at rest with respect: to which 
motion is to be described. You are already familiar with such a 
system in drawing graphs, while solving simultaneous algebraical 
equations ; you draw two fixed axes XOX’ and YOY’ at right” angles 
to each other and plot the points (x, y) with respect to thai pro, 
of different points you select. 

A frame of reference is a set of lines or surfaces with riba 10 
which we describe the motion of a particle, by ae its positions 
at different instants of time: 

Reference frames are chosen according to convenience. No refer- 
ence frame is intrinsically better than others; only under a set of 
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circumstances one may be more convenient than others. We discuss 
below, some of the more widely used ones, 

As One-dimensional Reference frame : If a particle moves along 
a straight line then its position w.r.t. a 
fixed point called origin can be expressed 
by the separation between them. In fig. 
I-1.1, O is such an origin; P the position 
of the moving particle at a given distance 
OP (=r) at a given instant, OR represent- 
ing the one dimensional reference frame 
and the motion of the particle is said to be 


Fig, L11 


“one dimensional. 


B. Two dimensional Reference Frame: Whena particle moves 
ina single plane (as it will do in most of our discussions) the motion 
is said to be planar. Then we require two quantities to specify its 
position with, respect to an/origin. The more important two of such 
reference frames, are (a) the Cartesian co-ordinates and (b) the Polar 
co-ordinates, 


(a) The Cartesian Co-ordinate system: You are already familiar 
with this system in drawing graphs and would study in detail when 
‘you take up co-ordinate geometry. 

You draw a pair of straight lines OX and OY at right angles 
to each other (Fig. 1-1,2) and 
choose O, their’ intersection 
point, as the origin. Any point 
(P) in the X-Y plane represents 
a position of the moving parti- 
cle. From P,-drop a pair of 
perpendiculars PQ and PR. on 
the X and Y axes. The dis- 
tances OQ and OR, from O | *’ 
are taken as x and y and are 
called the co-ordinates of the 

point P. As x, y both give us SSR 
distances, their combination (x, y) ie. the co-ordinates of the point 
P tells us where the point is on the plane of reference XOY. Co- 


ordinates indicating the position of a point are called its space- 
co-ordinates, ` 
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However, intersecting reference lines may be at any angle other than at right 
angles, The axes are then said to be oblique axes as different from the rectan- 
gular axes described above. We take no further notice of oblique axes. 


(b) Polar Co-ordinates: In this system we express the position 
of a point P in terms of a distance from a fixed point (=r), the so- 
called radius-vector OP and the angle the radius-vector makes with 
a standard reference axis, generally OX. The polar co-ordinates 
of P in fig. I-1.2 is shown to be (r, n) 

The two systems can be related. If in the Cartesian system the 
co-ordinates of P is x and y and in the polar system r and Y note 
from simple geometry. that 

r? =x°4+y*; tan@=y/x, x=r cos @ andy=r sind (I-1.3.1) 
These relations would be very handy, when “later we learn to resolve 
and compound vectors. 

C.. Three-Dimensional Reference Frames: . When a_ particle 
moves about in space, for example a fly, we require three quantities 
to indicate its instantaneous position.. There are three frames in 
general.use, the Cartesian, the Spherical and the Cylindrical. The 
first two are of wider use. But so far we are concerned the uses of 
the latter two will be very few. 

(a) Three-dimensional Cartesian -Co-ordinates ; Here we build up 
a system of three myitually perpendicular lines OX, OY, OZ inter- 
secting at O, the origin. In an ordinary. rectangular room they can 
be taken as the lines along which the floor meets two adjacent walls 
and the line along which these walls meet, all three lines meeting at’ 
a corner point of the room, and at-right angles to each other. 

In this- system, to specify the 


‘Position of a point. in space (say, . .. o Bho nonna As) 

the tip of a hanging bulb in Sh hah 

a room) three _ perpendicular pA ers li fewer yee) 
f E n9, 
distances of the point from the Re 2) 


. three planes (X-Y, Y-Z, Z-X) 
need be known. To do so, a 
normal PQ is dropped on the 
plane X-Y and two perpendi- 
culars from Q, QD and QS are 
drawn respectively to OX and  o&==------- 
OY axes. Now OD represents : 
x, QS represents y while PO Fig. I-1.3 


I 
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does so for z... Then the distance OP is given by 
OP? =r? =x? ty? +23 (I-1.3:2) 
In fig. I-1.3, ODOS represents the floor or X-Y plane, ABOS 
and BCDO the two adjacent walls, respectively the Y-Z and Z-X 
planes, the point P (x, y, z) the tip of the bulb hanging from some- 
where. 

(b) Spherical Polar Co-ordinates: In this system one distance OP (=r) 
i; taken and two angles $, with the vertical z-axis that OP makes and @ which 
OQ the projection, forms with the horizontal x-axis. So P has Co-ordinates 
ra b, 0 where x=r sin ® cos 0, y=r sin 0. sin? and z=r cos > 


(c) Cylindrical Co-ordinates: Hore we use two distances z (=PQ) and R 

(= 0) and as before 0= ZDOQ, in the same figure. Note that 
-X=Reos? yeReos%, zaz 

Any given frame of reference is generally called a co-ordinate 
system, In a broader sense, any system with reference to which we 
describe an event, is a reference system. An event is anything’ that 
happens, such as the motion of a particle, a rotation, a’ collision 
between two particles, etc. It involves time f, another dimension. 


1-14. “Inertial and Non-inertial Frames : 


From the above discussions we find that a co-ordinate frame 
made of three mutually perpendicular axes may give us an idea of 
the state of rest or of motion’of a body with respect fo it Let such 
a frame be fixed on the surface of the earth. If a body does not — 
Change position with time, it is said to be at rest relative to the . 
frame. If it changes its position with time, then the ‘body is in 
motion relative to the frame. We have said so before. But let the l 
frame be fixed inside a railway carriage that isgmoving uniformly: : 
A person sitting inside, is at rest relative to this frame but he isin 
motion relafive to a frame fixed on’earth. So a body need not move 
itself to be in motion, but it moves if the reference frame does. 
Again, if two cars travel with same speed parallel to each other, — 
passengers in them find each othér at relative rest yet both their 
frames are moving. 

The reference frame is said tò bë" inertial when ‘motion of 
Particles in them arise from their mutual interactions. This means 
that there must be at least two bodies exerting forces on each ‘other : 


* The ideas presented are difficult and may be left out at a first readign. 


KINEMATICS 


for example, the movement of a cricket ball thrown in air or of an 
orbiting satellite, is due to the attraction of the earth; an electron 
will move towards a positively charged body because of electrostatic 
attraction; a magnetic needle rotates because the earth behaves as a 
giant magnet ; a moving marble comes to rest because of frictional 
forces exerted on it by the surface on which it moves. These interact- 
ing forces are said to be real, for both the agent applying the force and 
the body subject to it, can be identified, Later we shall come across 
forces which cannot be traced to any applying agent; they are 
pseudo-forces..’ Newton's first law of motion tells us that in absence 
of nearby bodies i.e. agents responsible for exerting forces, the state 
of motion of a body or of rest does not change. This behaviour is 
said to be due to the property of inertia. The first law is hence said 
to be that of inertia and the frames of reference to which it applies are 
said to be inertial frames. Since forces due to mutual interactions are 
there, Newton's second law must also be valid in inertial frames, for 
the law gives us a measure of force. We shall see later that the third 
law is contained in the first. So we conclude that inertial frames 
are those where Newton's laws of motion hold, 

Inertial frames are those (i) that are at rest with respect to each 
other or (ii) if moving, are doing so with unchanging velocity ; they 
may have different origins or their axes may intersect at any angle. 
A single frame in constant motion along a straight line is thus an 
inertial one. Though in nature, strictly speaking no inertial frame 
exists, its concept (like those of a material particle or - frictionless 
plane) is idealised but very helpful. Even the earth is not such a 
frame as we shall presently see, but not much error arises if we take 
it to be so. i) 

When a frame is accelerated with respect to an inertial frame i.c. 
it is either speeding up or slowing down or rotating, it is: said to be 
non-inertial. The acceleration may be linear or ‘rotational or both. 
In such cases forces arise due to the acceleration (ao) of the frame 
which cannot be traced to any real agent. To apply Newton's 
second law we must include the acceleration of the frame a, and 
State that the total force acting on the body is s 

F'=F4+F,=ma+ma, = m(a +a) © (1-1.4.1) 
or the effective force ae, 
F=F'-F,=ma** (1-1.4.2) _ 
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where m is the mass of the body and a the acceleration generated, 
This force Fo is the fictitious or pseudo-force and always opposes | 
the applied force (F). We shall find it useful in explaining the ex- 
` periences of a person in an accelerating or retarding car and also in 
a rotating frame. Since the earth is rotating, it is a non-inertial frame 
but for it ag is only 0.336 cm/s and hence can be neglected, to make 
the earth an acceptable inertial frame. 
_ 1-15... Kinds of Motion : 
Two types of motion are recognised, namely (i) translational and q 
(ii) rotational. A third type is very important, namely the periodic, 
_ which may be either of these two types. ; 
_ A. Translation: In this motion. all the particles of-a body © 
_moye along parallel paths and describe the same) distance in the © 


Fig, 1-1.4 
Same time. ‘Translation may be along, either a straight line when 
_ the motion is ‘said to be rectilinear, or a curved: line when the — 
motion is curvilinear (Fig. I-1.4a and b). Throughout either type of 
motion the body however remains oriented in the same way. In the 
first figure’ representing rectilinear motion, as’ the body goes from 
P t0 Q, the particles A, B, C move 'toA’, B’, C where by definition 
AA‘=BB'=CC’, Any line AB in the body remains parallel to ` 
itself for all positions of the body. The second) figure shows 
translation in a curved line ie. a curvilinear motion. 
B. Rotation: in this type of motion, al] the particles of the 
body describe: concentric circles in parallel planes around some 
_ common’ axis. The angle; 
each of the particles turn 
through, in a given’ time- 
‘interval is the same. The 
_ axis of rotation may pass 
through the body or be out- 
side it. ‘Fig. I-1.5 shows a 
rotation, say of a large piece 


Fig. 1-1.5 
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of stone tied to your finger by a stout piece of string, about an axis 
through O. The particles A and B of the body when it is at P move 
to A’ and B’ when the body goes to. QO. Here, Z AOA’= Z BOB’ 
while OA = OA’ and OB = OB’. ’ 

Any motion however complicated, can be shown to be a 
combination of a translation and a rotation, A lift moving along 
its guides shows translation, the tips of moving blades of a fan shows 
rotation. A small piece of stone sticking to the rim of a moving 


Fig, 1-1.6 
motorcar tyre shows a combination of both, A in fig. I-1.6 
moves round B as B rolls forward, 


1-1.6. Relevant terms for Linear Motion: , 

The simplest of motions is that of a particle along a straight 
line. When we shall talk of motion of a body, that of its centre of 
mass (1-7.10) should’ be understood—a point where the entire mass 
of the body can be taken to be concentrated, thus. effectively reduc- 
ing it to a particle. "The relevant terms, for such a motion are dis- 
placement, speed, Velocity; “acceleration, retardation and momentum. 

A.. Displacement: A body or a particle is said to be dis- 
placed when its position changes relative to its surroundings, Let a 
particle initially at O (Fig: 1-1.7) move to A. Whatever be the 
path taken (1, 2, 3, 4 etc.) 
by the particle, its displace- 
ment is measured by the 
shortest distance between ini- 
tiat and final positions 
namely OA in the direction 
O to A. At some later 
instant the particle may 
move to B; then again its 

-> 
further displacement is AB 

4 
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but the total or final displacement referred to O is OB. If however, 
the’ particle returns to O, the net displacement is zero. 

Displacement always carries with it a sense of direction in © 
addition to that of a magnitude and hence is a vector. 

„B. Speed and Velocity: Speed of a body or particle is the 
‘distance it covers in unit time. If it covers a distance s in a time- 
interval z its speed is given by s/t. 

Speed is expressed in units of length per unit time e.g. 1 cm/s 
or 1cms-? or 1 m/s (1 ms~*) or again 1 ft s~* ; they are respectively — 
absolute units of speed in cgs, mks and fps systems. Of course 
speed may be expressed in other units of length and time e.g. 
1 km/hr or 1 mp-h. (1 mile/hr) but they are not absolute units. 

The knot is a nautical unit of speed equal to 1 sea-mile 

_ (= 6020 ft) per hour. A ‘speed of 20 knots’ is a correct expression 
(per hour is needless). 

If a body while moving, covers equal distances in equal. time 
intervals however small, its speed is uniform. If not, the, speed is 
‘non'inifort or variable. With variable . speed, s/t represents 
avertige speed over the distance s or in the time-interval t. If 7 is 
very, very short, s/t is the instantaneous speed. Note that its 
dimension is therefore LT-*. 

Let the particle be at a distance s; from an origin O (Fig. 1-1-8) 
at an instant ⁄ and at a distance sa at an instant t,; then it has 
n moved overa distance (s;—%) 


AREE EA fF over a time-interval (t —ti). The 


Teh average speed then is msl 
h (Sata) (t,—4) in. the interval (f,—1). Tf 
Bg Fis both the differences are small then 
the average speed is 
=As -1.6.1 
vn Ms (-1.6.1) 
and when At is very very ( vanishingly) small then the ratio 
fis As_ds x 
v=Lty)59 Sain di (I-1.6.2) 


represents that most important quantity, instantaneous speed, in the 
‘Notation of calculus. 
Speed is a scalar not being associated with any’ direction. 
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Example: 1.1, Acar covers first half of the distance betwèeñ two places at 
a speed of 40.km ph and the second half at 60'km ph. Find its average speed. 
(1.1, °74) 


Solution: Let the separation between two stations be Skm. Then 


Time taken for the first half of the journey=S2 br 


and Time taken for the second half of the journey = SÈ hr 


*, Total time required=S (f+ Ios ee hr 


Å Distance. S km 
> Average speed ime 33/40 br 48 km/hr. 
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Problem: <A car completes two successive quarters of its journey at 30. km/hr 
and 40 km/hr respectively and therest at 60 km/hr. What is the average speed ? 
( Ans, 43.64 km/hr ) 


Instantaneous speed ‘as a limiting’ process:) ‘To illustrate the 
instantaneous speed. as of | finding othe ratio ‘of Ash À t for very 
small values, we refer to fig. \1-1.8 and consider different values for 
sandt; keeping s, and tj'constant at values: of 50 cm and 1s 
respectively. We tabulate’ the results as’ below : 
te a att otha anes ae 

EA A t, t, Ax=x, =k, Ntt ANNAT 


(cm) (cm) (s) (s) (em) (8) (cm/s) 
50.0 150.0 1,00 11.00 100.0 1000: + 10.0 
pe 1300 Ye" 9.60 80.0 8.60 9.3 
s ©1100), 7:90 60.0 6.90 8.7 
A 90.0. 5.90 40.0 4.90 8,2 
ii 70.0 4, 3.56 20.0 2.56 7.8 
i 60,0) Sy: 233 10:0 1.33 15 
A ESA mmy ES 5.0 0.69.: 7.3 
a 53.0 ,, 1.42 3.0 0.42 — ip 
af 51.14 4, 144 1.0 014 ¢ 7i 


Note that as the time interval diminishes so does the speed 
value (= As/At), but ever more ‘slowly and finally settles to a 
constant value.as a limit—the instantaneous speed. 
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Velocity: This is the distance covered. in. unit time: in a givi 
direction ie. a speed with direction. Thus velocity is a vecti 
Both are time rates of change of position. Change of position 
displacement means the shortest distance, between two poi 
travelled and time rate refers to the time elapsed. Remember, velo- 
city always implies speed in a given direction, e.g. a velocity 
50 m/s due north, 

Difference, Speed is a scalar with magnitude only, while velocity, 

a vector with both magnitu 
and direction. Velocity is uni 
form only when it covers equ 
distances in equal time-inte! 
vals without. changing di 
tion. It is variable when eithi 
magnitude or direction or bo 
change. A body along a curved path may have uniform speed bul 
variable velocity (Fig. I-1.9),as its direction continuously changi 
We shall learn that for uniform circular motion (Chapter 1-5). 

Instantaneous velocity: If s represents distance from a fix 
point along a path then, in the notation of differential calcul 
As represents a short distance along the path. If ¢ denotes time, 
At means a short interval of time. In fig. I-1.10 suppose a point 
moves along the curved path from 


A to B. Let the moving point be 2 

at C at an instant ż and at D at Toae 
time t+ At.) The distances of C 

and’ D from) A’ along the curved 


path are s and’ s-+ As respectively. Fig. 1-1.10 
Then = as $ means the average speed between C and D as we have al 


Arrows indicate 
instantaneous velocity 


Fig. 1-1.9 


ready aie If D is so close to C as to be almost coincident with i 


then a is written as H The latter symbol represents the ins: 


ois value of the velocity of the moving point at C. It has th 
direction of the tangent of the curve at C since, when D is very 
_ Very close to C, the line joining them becomes the tangent at c 


$ 


B ~ Instantaneous yelocity at a point along the tangent at tl 
point, 
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We shall, however, be concerned mostly with motion in a straight 
line. So the question of tangents will not arise initially. s 1 
When A is the initial position and B the: final position in the 
motion, the straight line AB is the displacement. This we have i 
already learnt. y 


C. Acceleration and Retardation: |Time-rate of change of 
velocity is acceleration, the. change may be either in speed ` 
(magnitude) or direction. When change is that of increase, as for 
a car picking up speed, it is acceleration, when that of decrease, 
as for a train slowing down near a station, it is deceleration or 
retardation. Mostly in our discussions, acceleration would mean 
increase in linear velocity (i.e. motion along a st. line). 

An acceleration is constant or uniform when the velocity 
changes by equal amounts in equal intervals of time however small 
the intervals may be. Like velocity, acceleration may be average or — 
instantaneous. It. mayas., well, be variable but. we shall not 
consider them, Deceleration or retardation is negative acceleration, 
velocity diminishing with time. it 


Remember sitice (i) speed is a part of velocity (magnitude) it 
may be constant with variable (when direction changes) velocity but 
never the other way about. Again as (fi) acceleration is time rate 
of change of velocity either in magnitude or in direction, a particle 
may havé Zero velocity with’ acceleration (when a moving particle 
just reverses direction) and zero acceleration’ with velocity (for 
uniform ‘linear velocity). Further, deceleration “being negative 
acceleration (ii) a particle may have oppositely directed velocity 
and acceleration, as in a swinging pendulum or vertical ascent of a 
particle, (iv) acceleration is a vector as it includes both velocity and 
displacement. ij 


Unit: As acceleration is time rate of change of valketiy and ~ 
velocity again, time rate of change of position, the unit of time will 
occur twice in its unit as m/s, cm/s*, ft/s? etc. ta al 


Symbol: For a very very long time, the symbol had been 
f. But we shall be using the symbol æ instead, for. that is the 
recommendation of International Commission for Symbols, Units 
and Nomenclature. Foreign authors. and ‘those in other-states of 
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India have taken to using a; let us also do so. So the instantaneous). 
acceleration is — 


ni 


2 
! «a (or the oldenis y= Gi =S (8 ady (1516.2) 


Its dimension is thus LT-?. 


\ D. Momentum js. a useful concept in the relation between force 
and motion. /1 is, measured, by. the product ofthe mass of a body 
and its velocity, (To distinguish it from angular momentum (I-6,2) ; 
it is proper to call it the dinear momentum), Consider ‘a cricket ball 
thrown. softly ; it will be easy. to stop it. But when: hit! hard, it is- 
much, more, ,difficult.to stop. Inthe) latter case it has a larger” 
momentum. A stone, softly thrown has not much destructive effect. 
But when thrown yery hard. it may break open, your;forehead i.e. is: 
much more damaging. In the first case; the momentum is small, 
while in the latter, momentum. is much larger. 


Think’ of a heavy ‘iron roller lying on theground ‘or a four- 
wheeled Carriage standing on’ a toad.’ Because of its large mass you” 
find it difficult to move. A continued push applied for some’ time 1 
gives it a certain velocity. . A harder push over a shorter period. will 
give rise. to. the same velocity, So, to.give the body.a momentum you 
had to apply.a force on it for a certain period. (See ‘Impulse of a 
force’,.I-3.4B). To bring the moving roller or the carriage to rest, ie» 
to remoye the momentum the body. possesses, you must oppose. the 
Motion witha force and continue to. exert. the force for some time 
till, the body. stops. . Production or removal of a larger momentum 


requires application of a larger force fon a. shorter time. or of & 
smaller force for a longer time. 


The’ concept öf momentiim' is of particular importance in conhec= 
tion with problems on blows, and action and reaction betweer 
moving bodies (see I-3.4B and. I-3.12). 


Ünit: | Momentiin is mass X velocity. “So it is measured as 
1 kg m/s in SI or mks system, as g cm/s in cgs system and 1b-ft/s 
in‘fps'system 

Siitari tg 4 : 

tit 1 kg m/s = 10° gx 102 cm/s= 10° g cm/s 


‘Its dimension is thus MLT- 
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.1-1.7. Kinematical Equations in One dimension or. Ferm ot 
Uniformly Accelerated Motion : 
We consider the motion of a particle along a straight line OAB. 


(Fig. T-1,11) starting “with a 

velocity u from the point A ac- =So A 

celerating uniformly with a and a a 
reaching a velocity v at B after Ph Sg ee Wat, 
time fe at. a distance s and ened 
continuing beyond. Note that 

we are here concerned with five quantities and; we shall ontnbliah 


four algebraical relations, each containing four of them. They are 
(i) v=u+at (ii), S=S_+ut+at* (iii) , v’ =u? +2as 
(i) Se Stoy =u H halt- 1) Ér 
(i) vy=u+at: By definition, acceleration is given by ` 
qu Change of Velocity _»—u 
Time taken t 
ypeu+at í (I-1.7.1) 
(ii) S=S_ + ut+ 4 ať: Refer to fig. I-11 and note that 
the particle at A is at a distance So from thë origin atO: It starts 
from A with a velocity u and attains a-velocity ivi at B, distance s 
away after time t. Then the average velocity. between A and B is 
4 (u+v) and the distance St it covers, is 
Se= plutot = }(u-upat)t=ut+ yar < (4-1.7.2) 
Siom ™ Soa 4s, = Sout hat? (I+1.742a) 
[ Samsad specimen question *79 | i 
(iii) v? =u’ + 2as: This relation: is ` obtained by eliminatng 
t between the other two relations, Thus 
v? =(u+at)* =u? +2uat a*t? =u? + 2alut that?) 
=u? +2as, ' a(1a1:7:3) 
(iv) Distance covered in a particular (e.g. t-th) second. It is 
obtained by subtracting the distance (OC) covered in a total of 
(t~1) seconds from that (OB) coveted in’ all the ¢ seconds. i Itis 
actually distance covered in 1 second. 
Thus Sy=Sii, =[so+ut+hat* J- Be a 1) -+4alt — Dija 
=u+4a(2t—1) : © (1.7.4) 


ram ray 
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j E2 A particle st fing rom rest travels first with uniform acceleration 
a and then with uniform retardation b. If it stops t secs after it starts and covers 
a distances then: show that #=2s (1 /a+1/b). fH. S.°70] 

Solution; Let the particle attain a velocity v after ts and then stop 
after 4, s. Then A : 
t v=0+at, and 0=v-bt; 


(hiv Di 
tet G or =y? GH x 
If again it covers distances s, and s, during the same’ intervals,»°=2as, and 
¥*=2bs, as it starts from rest and finally stops. 
j aiig. Aay Haile a 
gett aan ly 
vié vaT" a aa ori 2s (3+5) 


Ex. 1.3, A car accelerates from rest at a constant rate of « for some time 
and then decelerates at a constant rate B to come to a stop. If. the toal 
time taken bg t find the maximum velocity reached and the total distance covered. 

rip LI. I. T. °78] 

Solution : Let the car accelerate for time 1, from rest'to"attàin a velocity of v. 
If then retards for time (!—t,) before stopping. Then 

tI 

ext, and v=8 (t-t,) or «t,=6 (t-t) 
“yar ve t= Bi(a+B8) 
+. So the maximum velocity attained is »=«1,= ba 
~~ Again the total distance covered is 


OF eee tegen sy Pekan tt yLs p-r) 


t \? A d « 
one 
Ex, 151.4. Two tains ‘are approaching each other with velocities vı and vs 
along the same line. The drivers apply brakes when they are x apart producing 
decelerations fı and f, The trains just avoid colliding if 
Haalt ; W? fatva fiffa 
Solution : Let the trains coyer,d, and d, respectively. In this case x=d,+d, 
Now clearly »,*=2f,d,, and 0,*=2f,d, 
st. ee fos 0,” vit fa tvs? fi 
x baat Lt += Heith 
=. Hence the result follows. 
__ Prob. (1) An ‘express’ train’ moving with velocity», is overtaking a) goods 
train’ moving with luy along thé same. lines. If the former applies maximum 
deceleration’) f, and the latter maximum acceleration fa when at a separation. of x 
show that (u,—u,=2(f,4,) x is the condition for, just avoiding collision, 
(2) A car A is travelling along a straight level road at 60 km/hr. It i 
another, B at 70 km/hr. At'a separation of 2.5 kmi,-B.is decelerated 


at 20 Kim/hi®. After what time and at what distance will B catch up with A? 
(Ans, hr, 32.5 km). z [LT °66] 
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Ex. 1-1.5. A particle moving with uniform acceleration f covers a distance s 
in time tandis’ ift’. ‘Show that i y baa 
fa a) J OLS. 69) 
Solution : If the initial velocity of the particle be u then i ; i 
s=ut +à fi” and s+s'=ult tt’) Hh f +t’) 
smut +h fr +201’) 
c. 8'/t'=s}t=$ f (t+1'), Hence the result, 


Ex. 1-1,6.. A body: travels 200 cm in the first two sec and 220 cm in the next 
four secs. What will be the velocity at the end of the seventh sec from the start ? 
[I I. T. '64] 


Solution: From the given`data we have 
200 4.2-+§ f4 or u +f=100 
and 420=u.6+} f.36 or u+3 f=70 
or f= —15 cm/s* and u=115 cm/s 
vy =u+ft=115—15x7=10 cm/s 
Ex. 1-1.7. A particle -moving, with uniform acceleration | covers 9/ 25th. part 
of the whole distance covered, in the last second of is journey. If it had started 


from rest and covered 6 cm in the first second how Jong and how far has it gone? 
CC. U. 68) 


Solution : From the given data 


Gm ef (1)? orfe12cmfs* Sp—Sty=as St 
we 2f(t-D=Semtf? or 12 (¢-1)—%6t* 
OF yy P= At—1) or 91-501 +25=0 or (t-5X9t-5)m0 
+", te5s the other result being less than 1, is unacceptable. 
Sew} ft? «1.5m 
Ex, 11.8. A bullet loses half its velocity after penetrating 3” of a plank. 


Considering the resistance offered to be uniform how much more will it penetrate ? 


{ Tripura H. S.'79) 
Solution : Let the initial velocity be u. Then from the given datum 


(G)-w 243 or fag [ie “Hr i 


Then =(“)*_ ay CA gs 
hen ($) 2fs or S$: EETA r. uk 
Problem : A bullet moving at 200 m/s can just pierce a plank 4cm thick 
Find the velocity it must have to go through a plank 10” thick. (Ans. 348 m/s). 
a T [ J. E. E. 67] 
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Application of Calculus : Although not explicitly stated, 4 
and v in above equations are instantaneous velocities and t is 


actually built up of or summation of avery large number of vel 
small intervals of time dt. Hence the'use of calculus in deriving 


the above equations. 
A. By definition a= ae or dy=a.dt. A 


Integrating we get v=at+c, ; cı const of integration 
Now when t=0 i'e: at the initial moment» (i.e.u)=ey 


Yuna, a £ 
4d 


1) o=at+u 


EJ t 
Alternatively, dy=a.dt or [duza $ dt 
“u v 


or y—u=at Vlew=u+at 


B. By definition ond ords=» dt=(u+at)dt 


; A yA Integrating s= fudt+haS tdt+ceq 
y =ut+ at? + Ca 
At t=0, we get S=So=Ce 


s=ut+ at? + so 
Alternatively, 
8 A t t 
\ ds=u $ dt4 4a í tat 
*o 2 o aa 
or s—So=ut+iat® pi 


©: By definition a=% dds dv, 


dt ds dt ds 
or y.dy=a.ds 
Integrating } v? =as+e, 
At s=0, y=u Or C= $u? j uğ 
Pat. vt =u? +2as 1 
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Alternatively, \ ody = \ ads mg 
u o 


7 or &(v*—u*)=ads or y? =u" +2as 

Note from the relation a=» (dv/ds) that acceleration is not 
only time-rate of change of velocity but also proportional to 
space-rate of variation of velocity. We’ shall utilise this aspect 


in relevant cases. 
The four equations I-1.7.1 to I-1.7.4 describe fully the motion of 


a particle in a straight line with constant acceleration. These are 
the basic equations of kinematics. The first and the second 
equations are fundamental. The other two can be derived from 


them, 

Ex. 1-1.8. A particle starts from rest and aequires a : velocity of 42 cm|s 
in 3.5s. Find the acceleration and the distance it travels in 3 seconds. 

Solution: Since the particle starts from rest, its initial velocity u=0. 

a= polsa 12 cm/s*° 
a SA 
The distance traversed in 3 seconds 
S=0+4x 12 cm/s? x (3s)? =54 cm. 

Ex, 1-1.9. The acceleration of a particle is 4 m[s*. What will be its velocity 
after it has travelled 20 000 cm from rest ? 

(Note—In solving problems in which the ‘units belong to different systems, 
they must all be reduced to the same system, Let us use the mks systems, hore.) 

Solution; Here a=4m]s*, u=0, s=20000 cm=200m. To find» From: 
Eq. I-1.7.3, that is v?—u* =2as, we get v? =u? +2as. f 

Or v?=2x4m/s* x200m=1600 (m/s)?..*: v= 50m/s.. (Try working it out 
using the cgs system.) 

Ex. 1-1,10. -A particle moves 25cm in the 3rd second and 55 cm in the 6th 
second. Find how far it will travel in 8 seconds, 

Solution : (The quantities are all in cgs units. So no change of unit is- 
necessary), “Let w=initial velocity a=the acceleration of ‘the particle in cgs 
units. The 3rd second is the interval between the completion of 2 seconds and 
3 seconds. Ifs, ands, represent respectively the distance traversed in 2 and 
3 seconds then s, —s, is the distance traversed in the third second. fiat 

i. 25=(3u+}a.3*)—(2u+}a.2*)=u F fa. vi 

Similarly, 55=s, —5,=(6u+}a.6")—(Su+}a5*)—u+4a. 

Solving for uand a from these two relations, we get w=0 and a=10 in cgs- 
units, that is, a=10 cm/s”. e 

Distance traversed in 8 seconds is 

=8u+}a.87=04+}. 10 cm/s*.(8s)=320 cm. 

Problem: An accelerated particle passes 51 ft in the 4th and 75 ft in the 

8th sec, How fare willit go inthe 10th sec?  _, _ ( Ans. 600 ft.) [ H. S. ’80 J) 
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1-1.8. Graphical Representations and deductions of Kine- 
matical Laws: 7 
Motion of a particle, 
q varying quantities connec- — 
erway) ted with it and their inter- 
` relations when represent- | 
ai ed graphically, give us 
DAY vivid pictures of what 
Clxays) 

happen. 
A. Displacement. Rel 
x ferred to a reference frame 
in our case, plane carte 
sian system, displacement 
Fig. 1.12 of a particle from A to B ` 
and from B to C and 
‘back to A is shown in fig. I-1.12. Obviously, from co-ordinate 
geometry 3 
AB= S ie aF a) BOAY GEF n] 


CA= MER, =x PF sys") 


aB. Variable Velocity : 1. Distance-velocity Graph. Let a police: 
man chase a run-away 
‘thief who constantly 
changes speed and 
direction inside a mar- 
ket place but ultimate- 
ly is caught up, say 
after 5. minutes and 
100 m away. His path 
of flight is shown in 
fig. 1-1.13 We cannot 
decide his speed at 
different points and so 
‘settle for an average 
which is 100 m/s 
Minutes, or 20 metres 
a minute. The points Fig. 1-1.13 
a, b, cy... ete, give the 7 
points of sudden changes, horizontal broken lines measure the inte 
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vals of straight flight and the vertical ones his distances from the 
base line.. This is an example of variable velocity, where » and 5 
are the variables. 


2, Time-velocity graph. The instantaneous’ velocities of a 
moving body at successive moments may be plotted graphically also 
against the time at least in principle and the points connected 
together by a smooth curve, Such a line is called a sime-velocity 
graph, Let the instantaneous velocities at different times be as 
follows : 

Time in seconds e hh T A on ta 

Velocity iñ m/s 224 3 35 38° 3 

Plot the time along the x-axis and the velocity along the y-axis- 
Join the points so plotted by a i ' 
smooth line (Fig. T-1.14). This > 
line is the time-velocity graph. 4 

If the velocity is uniform, 
the graph will be a straight line 
AB parallel to the x-axis, The 
distance _transversed between 
any two moments will be given 
by the area bounded by the 
ordinates for the initial- and 
final moments, the graph and Pig. LLIE 
the x-axis. This statement holds even when the velocity changes 
with time. Area OABC gives the distance covered for uniform 
velocity (v) and area POCO that for the plotted variable velocity (v) 


While studying integration as a summation Process (0-2.95) we had seen that, 
taking dy=f(x).dx and integrating the result 


VILLAR 


b 
y= f K) dx 
a 


Tepresents an area bounded by the curve, the x-axis and perpendiculars to the 
x-axis from the end points of the curve. In the curye aboye, that process has 
been illustrated. With constant velocity (v) the distance covered, is the area 
obtained by summing up the elémentary arods «dt. For the variable velocity 
We take w’ as the ordinate and dt a cveryo small time interval,-andsum up the — 
strips v'.d/. Thus i ç d biv 


a bieow T 
Distance covered with constant velocity=Awa=0ABC (S)=5v.5tand 


velocity graph will be a straight line, sloping ~ upwards when 


vii If again the velocity diminishes uniformly from 8 m/s to 2 m/s 
- after 2seconds the deceleration would be (8m/s —2m/s)/2s = 3m/s-2+ 
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ET et i ih ; , 
Distance covered with variable velocityf(v')=Area OPQCKS’)= if vidi 


o 


This approach will be utilised below tovestablish the second kinematical 


equation. 


DC. Constant Acceleration: ‘The following table illustrates a — 
ase of uniform acceleration. 


` Time in seconds cna eo ae Pie 7 NM 
Velocity in m/s 95 SW 8 ST AE gd 


The velocity changes by 0.5. m/s every second. This is expressed 1 
by saying that the acceleration is 0.5 metre per second per second ` 
or 0.5 m/s’, or m s~”. In all expressions of acceleration the term | 
“per second’ occurs twice, because the unit of time is involved twice ~ 
in such expressions, ~ 
—once in the velo- 
city, and then again i 
in the rate of change 
of velocity. [See 
1-1.6.3C. units} 

The time-velocity 
graph of the values 
in the above table is 
shown in fig. I-1.15. 
It is the straight line 
AB. When, the ac 
celeration is cone 
stant, ,. the time- 


Fig. 1-1.15 


positive. 
The distance gone over between 0 and 6 seconds is area OABPO: 


=rectangle) OACP+AABC=OAxOP+$ACx BC. 
areas are 2(m/s) x 68+4(6s x 3m/s) =12m+9m= 21m 


These 


he acceleration would be —3m/s? and the time-velocity graph 18 
a straight line (BE) sloping downwards. 
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Ex. 1-14.11. A car starts from rest on a straight track with an acceleration of 
2 m/s*, „After it has reached a speed of 16 m/s, it moves for 10 seconds with the 
velocity it has acquired. It then decelerates at 8 m/s? until it stops, Enid how long 
At has been on the move, Draw the time-velocity graph for different parts of its 
motion. From the area of he curve calculate the distance it has moved. (ICSE) 

Solution. The car accelerates from rest to a velocity of 16 m/s at the rate 
of 2 m/s*. Hence the «time taken is 1, =16 m/s¢2 m/s*=8 s.. In the next stage 
of uniform motion the time f,=10s (given). In deceleration, the time 4,=16 m/s--8 
m/st=2s, The total time the car has beén moving, is therefore, hithit" 
(8+10+2)s=20 s. 

To find the distance moved, draw the, time-velocity graph as shown, Note 
that for the first 8 seconds the velocity a 
increases uniformly 0 to 16 m/s. For the 
next 10 seconds y=constant=16 m/s. For 
the last 2 seconds, » diminishes uniformly 
by 8 m/s per second. 

The distance traversed is the area under 
the line OABC. We can divide it into 
three parts, namely, the triangles OAD and 
BEC and the rectangle ABED. With the 
values of y and ¢ as known for the different 
parts, the total areas 4X8X16+16x 104% 09 za 
X2X 16644160416 in (m/sxs),; unit Us) 
that is, in meters. Answer : 240m, i 


Complete the same result from the trapezium OABCO. [See (b) 
below ] j 


D: Derivation of Kinematic Equations + 

(a) Proof of y=u-tat. Referring to fig I-1.15 we find that 
at t=0, vom2m/s, at t=1s v, =240.5=u-+a, at t=2s, »,=2 
+OSX 2—u-+2a,at t=3s, y,=2-+40.5x 3=u+3a etc. So we may 
by extrapolation say that at t =t 

o=uU--at for PB=PC4-CB 
. Note that for a straight line the relation y =c +mx 
is similar in form where a=m, the slope of the vyst straight line 
and u=c, the constant intercept on the v i.e. y-axis. 

(b) Proof of S=ut+af; In discussing figs. I-I.14 and 
1-115 we have noticed ‘how the distance covered by an accelerating 
body may be found by graphically finding ah area. Now refering 

_ to fig. I-1.15 we observe that Ch 
S= Area of the trapezium OABPO _ 
= } (sum of parallel sides)xperp. distance between them 


v (m/s) =e 


as 
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a4 (AO+BP)XOP |. i 
=} [u+(u+at))x t=ut+ at* nf 


Lo Proof of vu" +2as. From fig. 1-115 note that “th 
trapezium OABD has an area > 


S=4(A0+BP)x OP = }(AO+BP) x AC 


AC 
= 3(AO+BP)RG x BC 
AC { 
= A0 + BP) g X (BP—PC) d 
P k, 
mauto) gT af 


Tato) o-i) 
y” —u* =2as 


E: Instantaneous Velocity: -It has’ been stated alrea 
that Newton invented the infinitesimal “or differential calculus wh 
investigating the question of finding the limiting value of the 1 
A8/At ie. instantanedus velocity. Tn fig. T-1.16 is plotted a ti 
displacement graph (A) for a car moving along a busy thoroughit 
but in a constant direction and forced to change speed at rando 

The distances covered in the same time-interval is different 
different instants, The T 
AsfAt which gives the 4 
rage’ velocity over a small 
tance As is clearly tan @ 
the gradient of the tangen 
the curve, say at a point 
Clearly this’ gradient at @ 
rent points is different al 
ate to the velocity is variable am 
Fig. I-1.16 become zero at €. 


For the curve OP, the gradient is the same, the tangent coinci 
with the curve itself and so it represents a constant velocity. 
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F. Instantaneous Acceleration: Let us again consider the 
same motion of the car where instead of displacement we 
plot velocity (fig. I-1.17) 
clearly variable, and the 
car actually stops momen- 
tarily at C. We consider 
two points A and B when 
the car is accelerating and 
another pair E and F when 
it is decelerating non- 
uniformly. 


Clearly the average ac- Fig. 1-1.17 
celeration between A and B will be DB/AD = tan $ = Av/ At. 
Similarly the average deceleration between E and F*will be —EG/ 
GE = ~ &/ŝt=tan $’. Now let B approach A. As the interval 
Aft diminishes the chord AB turns and finally in the limit becomes 
tangent at A at an angle ø to AD ie. Av/At > dv/dt, the 
instantaneous acceleration at A. We may similarly develope the 
case of declération at F becoming —dv/dt from =év/ét for ¢' 
being greater than $x, tan $’ is negative. 

As before OP represents constant or uniform acceleration, as does 
AB in fig. I-1.15. 


Ex. 1-14.12. Two particles start from a point simultaneously and move parallel 
to each other in the same direction. The first moves all along with a uniform 
velocity of 40 m/s; the other starts with 16 m/s and accelerates with 6 m/s. 
Find when they meet again. (Cc. U.) 

Solution: Let t be the required time and s the distance civered by cither. 
Then we have 4 des 

Swot and s=ut +} at* or 40t=161+31* or (31-24)t=0 
*.* t0 and hence we havo t=8s, 


MA 
Ex. 1-41.13. A train starts accelerating uniformly at 2m/s* from testo A 
person 9m behind immediately starts running at, full speed.and just catches the 
train. Find his speed. il i aLI E E72) 
Solution : Refer to fig. I-1.11, Let the man be at O and the rear of the 
starting train at A and again at B when the man catches up with it. Given 
OA=9m. Let AB be sm. Then from the givensdata. > | 


S=}x2xr and S+9=vt Vite 
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or S=t* and #2—vt+9=0 
«patter =a 
te ee 


Now fort to be real, v*-36>0 .°. ‘v=6 m/s. 

As it has been stated that he just manages to get in with v=6 m|s. 

Problems: (1) A policeman running at um/s sees a thief x m ahead and 
gives chase with a constant acceleration ‘of « m/s. The thief starts off with an 
acceleration of  m/s*. Show that the thief will be caught if 

«>B or «<B<(q+} u?/x) 

(Hint: Sp=ut+jxt?; Sp=Sp—x=; ft?. Subtracting x=ut +3(«—§)t* 
or («= B)t?+2ut—2x=0. Solve for t] 

Q) A bus, starts off with an acceleration of 1 ft/s?, Show that if a man can 
run at 9 ft/s he can not catch it if he is morethan 404 ft behind. 


Ex. 1-41.14. The displacement of a particle x m, is related to the time taken by 
the equation ts=,/x+3.- Find the displacement when y=0, and displacement and 


acceleration after 6s. [L I. T. 79] 
Solution : From the relation given, we have 
dx dx 
at=.— == 
SL Wes Ona 2x 


So when y=0, displacement x must be zero. 
_ Again displacement after 6s must be given from 


Nx=t-3=6-3. .'. x=9m 
Acceleration a=@=4 (2 jx) = ax 1 
egr eN) " ZJx di 


= 1 oe 
ire 2 Jx=2m/s* 


This is a const acceleration, 


© L19. Acceleration due to gravity: By gravity we mean the 
pullsof the earth on a body. A body is said to fall ‘freely’ when its 
fall under gravity is not opposed in any appreciable way. We now. 
know that for a body falling freely under gravity, the motion is one 
of constant acceleration. The motion is considered however, close 
to the surface of earth. 


i The acceleration with which a freely falling body moves towards 
a earth is called the. acceleration due to gravity. It is denoted by 
the symbol g. [Do not confuse it with the symbol “g for gram.] 
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g is 9.0 m/s*, 980 cm/s, or 32 ft/s? in ‘numerical problems 
unless some other value is given. ; 


Equations of vertical motion under gravity: When a body 
moves under the action of gravity, its motion is determined by 
the equations 


v=ušgt (I-1.9.1) . 


h=utt4 gt? ' i (I+1.9,2) 
v? —u? = +2gh (I-1,9.3) 
Iin—hy_. = ut $2(2n—1) (1.9.4) 


h is the vertical distance travelled from the starting point. in the 
direction of u. We have put h for s and»g for a in Eq.s I-1,7.1 to 
1-1.7.4. 

The plus sign is used for falling bodies ; the minus sign for bodies 
thrown vertically upwards, This is so because during upward 
motion, the velocity and the acceleration are opposite in directions. 

A. Free fall under gravity. When bodies ‘fall from rest, 
u=0. The equation of free fall from rest under gravity then 
reduces to 

h=tg (1-1.9.5) 
h is positive downward and proportional to # 


“If projected vertically downward with an initial velocity u, the 
equation will be Y Ls 
h=ut+40. : q-1.9.6) 


B. Maximum height of ascent. A body projected yertically 
upward gradually loses speed as it rises. This is so because it is 
decelerated by gravity, which is directed downward. For upward 
projection, h and u are positive while g is negative. The speed 
gradually falls to zero ; it is then at the topmost point of is rise. v, the 
velocity at the topmost point, is zero. Not here, velocity is zero but 
acceleration exists. Thereafter it starts moving downward. 


If u is the initial velocity of projection, and H the maximum 
height of ascent, then from the’ relation v*—u’= —2gh, we get 


0—w= —2gH or H=1'/2g. (11.9.7) 
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C. Time for ascent. How long does the body take to rise to 
its maximum height? If T is this time, then from the relation 
v=u—gt, we get 

0—u—gT or T=u/2. (I-1.9.8) 

It is easy to show that the time for ascent=time for descent. The 
time T, for descent is the time required by the body to fall from 
rest through a height H=u’*/2g. Then /2g=1eT? or T=u/g. 
This is also the time for ascent. 


D. Two values of time to reach the same height. When a body \ 


is projected vertically upward, it will be at a given point of its path 
at two moments—once during rise and again during fall. Since for 
upward projection h=ut—4gt we have igf—ut+h=0. This is a 
quadratic equation in f. Solving for t, we get 


petty ub —2gh Vet (1-1.9.9) 


h must be less than the maximum height of ascent H=u"/2g- 


E. Same speed at the same height during ascent and’ descent. 
A body projected vertically upward will-have the same speed at the ~ 


same point of its path while going up and coming down. This 
follows from the relation v’—u’= —2gh. 
or v=+t/u?—2gh (I-1.9.10) 
The plus sign relates to the upward velocity and the minus sign, 
to the downward velocity. 


Ex..1-1.15. A stone falls freely from rest from the top ofa tower. When it 


has fallen though x ft, another is let fall from a point y ft below the same top. 


If they reach the ground together show that the tower is (x+y)2/4x ft high. 
niys [H. s.'71] 
Solution : The first stone in falling through x aquires a velocity. of 42g% 

and @overs the rest of the distance (h—x) during the time the second stone takes 

to cover (h—y). Let this: time interval be ft. Then we have 
h-X= J7pxt+h gt? andh—-y=3gt? 
Subtracting the second from the first we: get 


Y-x= Nex rats 
N2ex.t or t ae 


Now h—-y=} g= (v=x)?_(yaxy 
18t =}g rr Fie 


to haQ) (y= x)? +4xy_ (xy)? x 
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Ex. 1.16, A heavy particle is projected vertically upwards from a point Q 
so as just to reach the point P and at the same instant another heavy particle is 
dropped from rest from P. Show that the spaces passed over would be 3:1 but 
velocities equal and opposite. [C. U] 


Solution : Let them meet at a point N in between P and Q. Let PN 4 =x and 
QN¢+ =y. Then if 4 be the time for the second particle to fall to N from 
P and the first to rise to N from Q, we shall ‘have 

x-y=tgt? andi y=ui—qgt* 
u being the upward velocity of projection of the first particle. Then 
(x—y)+y=x=ut or t=x]u 
Now the downward velocity of the particle from P at N is 
v,=gt=gX]u 
Again the second particle just rises to P so that QP is the maximum height 
or O=u*—2gx or u*=2gx 
Taen at N the upward velocity would be 
v,=u—gi=u—(gx|u)=(u* —gx)/u 
=28X- 8X _ 8k 
u u 

We find then at N the velocities upward and downward are equal. Again the 

height descended by the particle from P to N is 
xmya gee = ext ? 
and the height ascended by. the particle to N- from Q is 


á M ` 
E (2) E E 


‘ 


sall hy. Agengan, 
x—y - 2u” 2u” 
Ex. 1-14.17. A particle takes t s to rise vertically through a height h. It returns 

1,8 later to the ground. Show that h=}gtyt,. [ H. S. '65, 69) 
Solution: If it be projected with an upward velocity of u, then 

h=ut, -481,* 
Sinco it returns to the ground (f, +1.) s later we write ne 

O=ult, +t.) g i +) 
If we take u as +ve we aro to regard g as —ve. From the two relations 
(hjt,j=u-ġgt, and u=ġ8(t, +4) fi 


n Eayn th)-ien=tet 
7 


e h=}8tita: 


Ex. 1-14.18. From a balloon descending with 20 ft/s a body is released and. 
it reaches the ground in 10s. Find the velocity with which it strikes the ground and 
from what height was it released? (g=32 ft/s*) [ B. H. U.J 

Solution: If y be the required velocity then we have 
v=u+gt=20+32 x 10=340 ft/s 
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If h be the required height then z Kj 
oa, lh ut-+49t=20x10-+16 x 100=1800 ft, 
# 

Ex, 1-1.19. Two stones are thrown upwards. together. A rises 112 ft more 
dnd returns to the ground 2s later than B does. Find their velocities of projection. 
(@=32 fes?) 

"Solution: Let them be projected with vertical velocities ug and us 


Then ba hone aoe atau 12 ft (given) 


=y mm de bah i 
and Ta-T er 32 1s (given) 


Thus u4—us=32 ft/s and (u4’—us?)=112x64 
Dividing the second by the first u4 -us =224 ft/s 
“e U4=128 ft/s and us =96 ft/s, 


Problems: (1) How far will a body fall from rest in 5 seconds ? Take g=9.8 
m/s*,- [Ans: 122.5 m] 


(2) If the same body were projected downward with a velocity of 10 m/s, 
how far would it fall in 5 seconds ? fAns; 172.5 m] 


G) A body is projected vertically upward with a velocity ‘of 20 m/s. Find 
(a) how far it will rise, (b) how long it will take to reach to topmost point. Find 
also when it will be at a height which is half of the maximum. What will be its 
velocity then ? j 

(Hints: (a) v=0 at the top. Put v=0 in v*—u'==2gh and find h 
h=(20x20)/(2x9.8)m. (b) At the topu—gt=v=0. This will give ¢ in seconds, 
Half the max, height is about 10.2 m. Find ¢ from the relation 10,2=20/—4 


x98 xe, You will get two values of /. The Shorter one is for ascent, and the 
longer one, for descent.] 


@. Two stones are projected from the top of a ‘tower 100m high, each with 
a velocity of 20 m/s; one vertically upwards and the other vertically downwards. 
Calculate the time each takes to reach the ground and the velocity with which each 
strikes the ground. (IC. S.C.) 


y ‘ 
[Ans: Upward velo.=48.59 m/s downward’; time « 7s © Downward’: 
Velocity same ; time =2.925 nearly,] 


A 
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1-2.1. Scalars' and Vectors 

In course of your studies, you have come across two’ classes of 
quantities, namely scalars and vectors. Mass, speed, time, volume 
etc. are physical quantities that require magnitudes only to specify 
them; they are said to be scalars. Again another class of physical 
quantities, like displacement, force, velocity, require directions to be `` 
specified in addition to their magnitudes ; they are vectors*. 

A scalar can be uniquely represented by a quantity with a unit. 
That a mass is 10 kg provides a complete description. A car’ is 
moving at 50 km a hour completely describes its speed, nothing else 
is needed. In them, 10 is the magnitude in kg units, 50 is the magni- 
tude in km/hour. But a vector needs a direction to be specified as 
well. Take a simple example; your school must be in a certain 
direction, say north-east from your home. You require half an hour 
to go there, two miles away across a large field. Your velocity is 4 
miles an hour in the N-E direction. 

The mathematical processes like addition, subtraction, multiplicas — 
tion, division, involution, evolution etc. are not always identical for 
scalars and vectors as we shall see; eg. scalars are added algebrai- 
cally, vectors geometrically ; multiplication of two scalars gives just 
one product, whereas multiplication of two vectors gives you two, a 
dot product (involving cosine of their included angle) and a cross pro- 
duct (involving the sine of their included angle). 

We shall later come across scalars like power, work, energy, tems 
perature, potential etc. and vectors like torque, momentum, magnetic 
moment, e.m4., electric current-density, field intensity, flux ete, 


ee see 

* The word comes from the Latin word Veho (=1 “carry) which clearly includes 

an idea of movement in a certain direction. In olden days, vector or radius vector 

in astronomy, ‘meant the imaginary line joining the moving planet to the sun. 

The orbit being an €llipse according to Kepler's Ist law, this radius vector continuously 

changed its magnitude and direction. Because of this twofold change in magnitude 
and direction, they came to be associated with a vector. 
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Use of vectors provides a particular mathematical operation only. 
It enjoys two particular advantages over others, namely 
«1 (1) Vectorial expression of physical relations (ie. laws of phy- 
sics) is ideal, for it is independent of any co-ordinate system. 
‘(2) Vector notation is short. Laws of physics thus expressed 
à assumes a clear, transparent easy-to-follow form ; expressed in some 
‘definite co-ordinate system the same law loses clarity, as it becomes 
cumbersome. 


* 1-2.2." Geometrical Arithmetic : 
In discussing vectors it pays to develop the habit of thinking of 
' numbers graphically or in terms of co-ordinates. So we try to give 
you first a geometrical picture, of natural numbers, 


in the Cartesian. system XOX’ is a horizontal straight line and 
Said to be the x--or the real axis. The line YOY’ is a vertical line, the 


POR o 1Qa2P3 4 5 
REAL AXIS — 
24 (-3)=-1 
Fig. 1-2.1. 


$ te imaginary axis. These names will be clarified when you 
y. Complex Numbers. We consider now only the former on which 
any point. O).may be. taken as the origin. On this line mark 
points 1, 2, 3.,....etc, to the right from O in any unit, Say cm; to 
the: left of O. let there be similar markings —1, 2, 1-3, 00. etc. 
(Fig. 1-2.1): Consider’ the line extending both ways to infinity. 
The connection between real numbers and geometry lies in the 
fact that—on this Straight line there is a definite point correspond- 
ing'to any‘and every real number ; each’ point on the line represents 
a real number. Mathematicians term this fact as one-to-one corres- 
Pondence. For example, the number 2.45 would lie 45% of a cm 
to the right of the point (P) marked 2; again we shall indicate by 
Q, the number 4/2 (=1.41) placed to the right of the point marked 
by 41% of acm and to the left of 2. Thus every geometrical point 


* For the more inquisitive. student: May be safely omitted by otthers. 
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on the line would represent anumber, Their values would equal the 
distance of their representative points. from the origin; the+ve 
numbers would lie to the right of O, and — ve numbers to its left. We 
may consider the reai numbers (integers, say) to be a swarm of birds 
perching side by side on a telegraph wire. 

2+3 makes 5. To add geometrically we move 2 divisions to the 
right and then 3 more divisions—which is 5 divisions to the right 
of O. To add a+ve number to a—ve one [say 2+(—3)= —1], 
we move first two divisions to the right and then from there, 3 divi- 
sions to’ the left, ending at 1 division to the left of O. To add two 
negative numbers, —3 to —5 we move 3 divisions to the left and 5 
divisions more ending up at 8 diyisions to the left, indicating 
—8. Decimals and fractions may be similarly added and subtracted, 
These results reveal a formal property of algebraical addition—the 
commutative law, This law states that the sum of numbers remain 
unchanged if the sequence of numbers are reversed (e.g. 3+2= 
24+3=5 or atb=b-+a), 


Multiplication is repeated addition eg. 4X3=4+4+4=12— 
you move thrice successively, 4 divisions each time and end at 12 
divisions to the right of O. Again for a’ division which is subtraction 
repeated, say 8-+4=8—(2+2+2)=2, we move 4 times successively 
to the right, 2 divisions at a time and then return by 2 divisions 
thrice, to end up at 2 divisions to the right of O. 

Another property concerning algebraic addition and multiplica- 
tion is the distributive law. stating that c(a+6)=ca-+cb ; i.e. reversing 
the order of multiplication: does not affect the final result. It can 
be cleared up from this standpoint also ; e.g. we move 2 divisions and 
3 divisions successively and again 2 and 3 divisions finally reaching 
10 divisions to the right. If we again move 2 divisions twice 
successively and then again 3 divisions twice we move over 10 divi- 
sions as before. 

Thus we translate the abstract idea of numbers to a concrete pic- 
ture through geometry. A physicist conceives a number in three 
steps, first the abstract magnitude, second its geometric representa- 
tion by a point on a line and its distance from a chosen origin, provid- 
ing a concrete picture and thirdly a measurable physical quantity. 
The numerical value of a physical quantity, gives not only its 
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` magnitude but also states that it obeys the commutative and 
distributive laws. 


1-2.3. Vectorial Arithmetic or Algebra : 


We see then, numbers can be added or subtracted by moving to 
the right or left along the x>. or real axis. 
Suppose now you move 3 m eastward and 
then 4'm to the north. How do we add? 
As before we choose an origin O from ` 
which we move 3 divisions along. the 
x-axis as before and then 4 divisions up- 
wards parallel to the y-axis to P when our 
displacement the shortest distance, is OP 
measuring 5 units and at an angle of 
52.1° north of east. Hence in this new 
process of addition, distance and direc- 
tion both are relevant and hence for the 
Fig, 1-2.2. Straight line giving the sum, both magni- 
tude and direction are necessary. This 
directed number system belongs to vectorial arithmetic or better, 
vector algebra. The resultant displacement is indicated by. arrow- 
tipped line segment OP as shown in fig. 1-2.2. 
_ Hence a vector is represented by a directed line segment of pro- 
Portional length drawn parallel to it, with an initial point (O) and a 
terminal or end or final point (P), arrow-tipped near the end point. 
Just as a number may be represented on a straight line along the 
waxis: by. its distance from a chosen origin, a vector may be repre- 
sented by an arfow-tipped line segment joining the initial to the 
final point, Justas one to one correspondence exists between a 
number and a point on the line, that also exists between a vector and 
the directed line segment. This Jatter is the pictorial representation 
of a vector, s 1 


Like a number, a vector is a mathematical entity, a way of 
representation. To the physicist, the vector is a very convenient 
tool to describe the physical world. Many. physical entities like dis- 
Placement, velocity, force, momentum etc. cannot be fully described.” 
by numbers alone—they behave as vectors do viz, their resultants 
are similar to those of vectors. Scalars are those that behave like 
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numbers ; eg. 2 g mass added to 2 g of mass gives 4g but adding 
2 dynes of force to 2 dynes.may result in any value between 0 and 4 
dynes, depending on their directions. We say force behaves as a 
vector does, : 

Vectors like scalars, embody three ideas—an abstract mathematical entity, a 
concrete or real geometrical representation and a physical quantity. For scalars, 
geometrical representation sis attractive but not essential ; for vectors it is a 
must. Vectors are those that obey vector algebra i.e, vector laws of addition, But 
all quantities with magnitude and direction do not always follow this law, For ex- 
ample (1) Velocity behaves like a vector so long as it is much smaller than yelo- 
city of ght, but not when close to that value (2) a rotation has both magnitude 
and direction but addition of two finite rotations do not obey law of vectorial addi- 
tion (3) moment of inertia (1-6.8) is a very important entity in rotational dynamics 
which is mot a vector though possessing both magnitude and direction ; it isa 
tensor, All physical quantities with magnitude and direction then do not 
behave as vectors do, An. inifitesimally small area is a vector, not so a finite arca. 

1-2.4. Representation of vectors. This may be done in three 
ways, namely, (i) by line segments, (ii) by components and (iii) by 
coordinates. j 

A. ln representing a vector by a line segment, a straight line is 
drawn parallel to the direction of the vector. A segment of the line 
‘is chosen to represent the vector, The length of the segment is made 
proportional to the magnitude of the vector to some convenient scale. 
The length of the line segment which represents unit magnitude of 
the vector is called the unit vector in the given direction. An arrow- 
head is put on the line segment to indicate the sense in which ( i.e. 
the side towards which) the vector acts along the line. We have 
already said these above and yet re-emphasise. + 

To represent a force by a line segment, we have to consider the 
point at which it is applied, also the magnitude and direction of 
the force. The point of application of a force is represented by the 
point from which the line segment is drawn. The line segment is 
parallelto the direction of the force, and its length is proportional 
to its magnitude. For vectors like velocity, acceleration, momentum, 
etc., we represent them by line segments of appropriate lengths drawn 
parallel to the directions of the actual quantities. 

When a line segment AB represents a vector and the vector acts 


from A towards By we write tie vector as AB, putting an arrow- 
head above AB. BA then represents a vector equal and opposite to 


36 3 b MECHANICS 


> 
AB. “In AB, A is the initial point of the vector and B the end 
point. In BA, B is the initial point 
and A the end point. 

B. Representation of a vector by 
components can be understood from 
fig. I-2.3. Suppose a vector A* acts 
along the line DE in the sense D to 
E. the line segment OA represent 
this vector. With O as origin draw 
a line OX as axis at any angle 
to OA. Draw another line OY as the axis perpendicular to OX in 
the same plane as OA and OX. 
jii Let OB, be the projection of OA on the OX axis and written as 
As. Then A,=OB=OA cos 9, Similarly the projection A, on 
the OY axis is A,=OC=OA sin 6. We thus get the magnitude A 
of the vector A as 

A~ JISFA (1:2.4.1) 
Besides, the cosine of the angle between OA and the OX axis is 
008 9=A,/A; A,/A is the value of the cosine of the angle between 
OA and the OY axis. So, if we know the values of A, and A; we 
get both magnitude and the direction of the vector A in the 
reference frame (or co-ordinate system) which we have taken, A, and 
Ay are called components of A in the reference frame chosen. 

Above we have so 
chosen the plane of the 
axes, that it contains the 
line OA. But this is not 
essential. We may draw 
through O any three 
mutually perpendicular 
axes OX, OY and OZ 
(Fig. I-2.4). Let the 
Projections of OA on 
these three axes be res- 
Pectively Az A, and 

* Vectors Lare printed in thid i 
Tn ey we we a D a E 
G notype], i Another way to write the magnitude 


Fig. 12.3. 


Fig. 1-2.4. 


such as A, B, P, Qetc. To 
etc. [that is, we use the italic 
is }A|,}B| ete. 
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A, If the angles which OA makes with these axes are x, B and 7 
respectively, then cos 4=A,/A, cos P = A,/A and cos y= 4,/A. Also 
A? =A? + Ay? +A. 

, Az, Ay and A, are called the components of A in the reference 
chosen. We thus find that when we know the values of the compo-' 
nents of a vector (in a tri-rectangular frame of reference)., we know 
both the magnitude and the direction of the vector. The triplet of 
numbers Az, Ay, As completely defines the vector A. (So, while a 
scalar requires only one number to represent it, a vector requires 
three), OA is asaid to be the position vector for the point A. 


Ex. 1-2.4: A balloon when released rises 25 m while moving 8 m to the east 
and 15 m to the north. How far is it from the point of release? 
Ans: From the figure observe that ` 
Ans. From the fig. I-2.4a observe that 
OC? =CB*+OB* =CB?+(OA?* +AB*) = 25? +8? +15? 
=914 m° “. OC=32.2m ‘ 


% Ql %pi¥2i23) 
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Fig. I-2.4a Fig, I-2.5. 

_ C, Representation of a vector by coordinates follows from what 
we have already said. For this we require the coordinates of the initial 
and end points of the line segment which represents the vector. Let 
the coordinates of the initial point (in a tri-rectangular coordinate 
system fig. 1-2.5) be xı Yı Z and those of the final point x, Ya, Zz 
Then the components of the vector A will be as follows: 

Ag=X_—%13 Ay=Vs-Va AsF Zy Zi 


“ee 
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The magnitude of the vector will be 


A= Vs TREY =3,)" + (za —2,)? ‘ 
If «, B, y be the angles which the vector makes with the X-axis, 
y-axis and z-axis respectively, then 


COs = AzA = (x —%,)/{(Xa = x1) + (Ya—Ya)* + (29 2,)%}? cto: 
If the x-y plane contains the vector, the z-coordinate will be zero. 


125. More Facts about Vectors: 


() Collinear Vectors are those that lie along the samé line or 
parallel lines irrespective of end or terminal points, magnitude or 
direction ; for example in fig. I-2.6 (a) P, q, r and AC, BD and CB 
are two collinear sets of vectors. Remember then p, q, r may not 

“be in the plane of the paper and neither in the same direction. 
o 


Fig. 1-2.6. 


© Vectors will be considered equal only when they are of same 
Magnitude and same direction, AB and DC are equal vectors (fig. 
126 (b) but not so PQ, PR though they are equal in magnitude. 
Again PRAKL for though of same length they are not parallel. 
But PQ=KL, 
_ Vectors equal in magnitude, parallel in direction but opposite in 
sign are said.to be opposite eg. AB and CD (ic. DC reversed) in 
the Jast figure. 


_ Null vector is one of which the initial and final points A and 
Bore and D coincide. Symbolised by 0, it is taken to be collinear 
10 any vector. 

(Ò) Unit vector of any 


given vector is a line segment of unit length 
but parallel to it, Tn Fig. I 


1-2.7(@) we note a the vector has a magni- 
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tudé a and unit vector r of unit magnitude. A vector, in common 
with all other physical quantities, must possess a unit and magni- 
tude—both scalars. In 
addition it has ‘a direction. 
Hence if a vector be divid- 
ed by its magnitude we 
are left with a direction 
and unit length—that 
gives the unit vector. As 
shown in fig. I-14 a 
space vector OA may be 
a directed line segment 
with three components 
Az, Ap A,. As its unit vector is parallel to OA it must also ‘have 
three components. In Cartesian system they are designated as i, j, k 
[fig. I-1.7(b)]. They are of great help in resolving vectors (I-2.7). 
It also helps in multiplying a vector by a scalar e.g. vector a=ar 
where | a | or just plain a, is its magnitude and rq its unit vector. 
Whatever the value of a or its unit, the vector ar a will always be; 
acting parallel to r, hence a- unit vector is said to be an operator. 


Fig. 1-1.7. 


(iii) Localised vector is one with a definite point of application. 
If on a body moving in a straight line, the point of application of 
the vector moves in the same line, the motion does not change. But 
it does change if the point of application of the vector shifts. Such 
localised vectors are important for rotation parameters like moment 


of forces and couples. h 


{ 


(iv) Vectors and Co-ordinate system. Though we have used 
co-ordinate systems to 
represent vectors, they are 
in fact independent of the 

ə co-ordinate system chosen. 
Tn fig. 1-2.8 let OP (=r) 
represent the position 
vector of P with reference 
to the OX-OY co-ordinate 
system or reference frame. 
Let the frame rotate about 

Fig. 128. O anticlockwise to take up 
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the OX,-OY; position. Then P has co-ordinates (x, y) as. well as 
(xı Yı), though OP has not shifted. Clearly r=x¥ +y =x? +y? 

This means that the vector r represents a related pair of numbers 
(x, y) or (m, Yı), co-ordinates respectively according to two co-ordinate 
frames, one obtained by rotating the other. Since’ there can be 
any number of such rotations, as many pair of numbers are possible, 
each represented by the same vector r. So we find that a vector 
representation is not tied down to any co-ordinate or reference frame 
and so quite general in nature. Since a vector remains unchanged, if 
it is shifted parallel to itself in any direction, neither translation nor 
rotation of frames affect it. So the physical law represented by the 
vector appears same to the observers in different frames, Thus 
the physical law becomes general, compact and invariant in vector 
notation. 


T-2.7. Composition and resolution of vectors : By the term 
‘composition’ of vectors we mean the addition of two or more 
vectors. We shall confine ourselves to coplanar vectors, that is 
those in the same plane. Scalar quantities are added algebraically. 
Vectors are added geometrically as indicated below. 

‘Resolution’ of vectors means splitting (=dividing) a vector into 
two components, the components and the vector lying in the same 
plane. Resolution of a vector can be easily understood when we 
have learnt how to add vectors. 

A. The geometrical law of addition of vectors. In fig, 1-2.9 
let the vectors P and Q to be added, be represented by the line 
segments OA and OB drawn from the same point. (The vectors 
may be a pair of velocities which a 
particle has at the same moment, Or 
they may be a pair of forces acting on 
the same particle. at the same’ time.) 
_ To get their sum, called the resultant, 

Fig. 1-2.9 domplete the parallelogram OACB. 
Then OC, the diagonal will represent in magnitude and direction 


ihe Bis 
the vector sum R of OA and OB, that is, of P and Q. In symbols. 


a > > 

P+O=R or OA+0B=0c. ? (-2.7.1) 
a > > 

Also Q+P=R or OB-+OA=OC. (42.7.2) 


Thus vector addition obeys commutative law. 
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This law of addition, which applies to any quantity that behaves 
as a vector, is known as the parallelogram law of addition, The 
law may be stated as follows): If two vectors are represented in 
magnitude and direction by the two sides of a parallelogram drawn 
from a point, they are equivalent to a Single vector represented in 
magnitude and direction by the diagonal of. the, parallelogram 
passing through that point. 

~ The single vector to which the other vectors are equivalent is 
called the resultant of the vectors. 

B. Vector subtraction. If the sum of two vectors P and Q is 
R, that is, if P+Q=R, then 
P—Q=P+(—Q), This means 
that to subtract a vector Q from 
a vector P, we should reverse Q 
and add it to P. If we do so 
in fig, I-2.10, we shall find 
that “P—Q=R’ (I-2.7.3) 

aR’ in Fig. 1-240 will be re- 
presented by the other diagonal Fig. 1-210, 
of the parallelogram. P—Q will be represented by BA (=OD) and 
Q—P by AB (=DC). They are equal and opposite. 

Q-P= —(P—Q). (1-2.7.4) 

C. Magnitude and direction of the resultant, Fig, 1-2.9 

shows the resultant R of two vectors P and Q incline to each other 
at an angle x. Then the magnitude of the resultant is 
R? =0C° = OD*+ DC? =(OA+AD)*+DC? 
= OA* +(AD*4+DC2)+204,AD =OA2+ AC? —20A4.AC cos x 


= P?+0*+2PQ cos 4. ‘ (1-2.7.5) ` 
R is inclined at an angle 9 to P where 
CD AC sin: _. Qsin« X 
tan 0= D Od+AC cos x PEO cos x dey 


In vector subtraction x changes to (180°—<), 
R'? = P2+Q?+2PQ cos (180°—«) _ Z 
= P2+Q*-—2PQ cos 4 s (1-2.7.7) 
[ Remember P is the magnitude of vector P. So for all vectors,] 
Eqquations ({-2.7.5) and (I-2.7.6) give respectively: the magnitude 
and direction of the resultant of two vectors. (say, forces or 
velocities). r z 
6 j 
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A theorem is trigonometry states that in a triangle the ratio of 
the sines of their opposite angles equal the ratio of the sines of thtir 
opposite angles. Applying this result to the triangle OAC (fig. I-2.9) 
we have 9 

R Q P 
naa) tin 6” SRAN Meat’ 

These relations may be used for solving problems involving the 
resultant of two vectors. ~ 

D. Alternative construction for addition of vectors: The 
Triangle method. An alternative construction for adding two or 
more vectors is as follows: It is a graphical method. 


@ (b) 
Fig. I-2.11. 


Let P and Q [fg. I-2.11(a)], represented respectively by lines KL 
and MN, be the vectors to be added. From the end point L (fig: 
1-2.11b) of the straight line KL (representing the vector P) draw LS 
equal and parallel to'MN (representing Q). We have stated already, 
that the yector does not change by such shifts. 

Then the straight lint KS represents in magnitude and direction 
the sum of P and Q, According to vector notation. 

, KL+LS=KS or P+Q=R 

Thus, if two sides KL’ and LS of a triangle taken in order, 
represent two vectors, then the third side KS taken in reverse order 
gives their resultant vector. This is the law of triangles. 

Magnitude and Direction of the Resultant. As for the Parallelo- 
gram Law, here also the magnitude of the resultant is not the 
algebraic sum of the magnitudes of the components. To obtain 
that, drop SM perpendicular, to KL extended to M. Then 

R* = KS* = KM? +MS* = (KL+1LM)?+MS* 
= KL*+LM*+2KL.LM+ MS? 
= KL*+(LM* + MS*)+2KL.LS.LM| LS 
=KL*+LS*—2KL.LS. cos 6 
~ =P? +0?+2P0 cos 6 
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—the same result as before in eqn. I-2.7.5. Again we find the 
resultant vector KS making an angle ¢ with the vector KL as 
=-_5SM___ Qsing 
tans KL+LM P+0 coso 

The only difference between the parallelogram and triangle 
method is that in the former, vectors start from the same point 
while in the latter they are put successively. 


E. The Polygon method. This is only an extension of the triangle 
law. Any number of vectors may be added in this manner by placing 
them head to tail (tail of the second to the head of the first and so 
on) in a continuous sequence (fig. 1-2.12). The order in which they 
are taken is immaterial. The line drawn from the origin of the first 
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to the terminus of the last represents resultant in magnitude and 
direction. Fig. I-2.12 shows the addition of three vectors, P, Q and 
R, in this way. KN=S is their resultant. This is the polygon 
method of addition. For two vectors the polygon reduces to a 
triangle. 

If we add vectorially P, R, Q we get the same resultant S. 
(fig. I-2.12c). Thus vector addition obeys associative law i.e. order of 
addition if changed leaves the resultant unchanged. 


Q. Can two vectors of different magnitudes be combined to give zero 
resultant? Can three vectors? Explain in brief. {S. S. Q.) 

Ans. In addition of two or more vectors by the geometrical method we lay 
down the vectors successively with the tail of one to the head of the previous one. 
The resultant is obtained by joining the initial point (tail) of the first vector to 
the end point (head) of the last vector. 

G) Two vectors of unequal magnitude will always leave a resultant, whatever 
the angle between them. There cannot be a zero resultant. 
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Proof: R*=P*+Q*+2PQ cos 0.’ If 6=180° we have 
R?=P?+0Q?-2PQ=(P- 9)" 
This is the minimum value for R. It cannot vanish unless P=Q. Hence 
the above statement. 
(i) But three vectors can give a zero resultant if the third vector is equal 
and opposite to the resultant of the other two ; or three vectors added in order head 
to tail form a closed triangle according to the Triangle law of vectors, 


Ex, 1-2.2: When will the magnitude of the resultant of two equal vectors 
added vectorially be equal to (i) „/2 times the magnitude of each (ii) „/3 times? 


s LH. S. '’80] 
Ans. R*=P*+P?+2P.P. cos 0=2P*(1+cos 0)=4P* cos? 6/2 ’ 
R=2P cos 6/2 
(i) J/2P=2P cos 6/2 7. Cos 6/2=1/ /2 or é=90° 
di) J3P=2P cos 0/2 «^ COS 6/2= „3/2 or 0=60° 


Problem: (1) The resultant of two vectors P and Q equals in magnitude that 
of P. Show that the resultant of 2P and Q is perpendicular to Q. 

(2) Show that the magnitude of the resultant vector of two vectors acting at a 
point can neither be greater than the sum of their magnitudes nor smaller than the 
difference’ of their magnitudes. 


(3) The resultant of two vectors P and @ acting at an angle @ has a resultant 
of magnitude (2K+1) Vpr} g7 and (2K—1)/ PTO" when the inclination is 
(90°—9). Show that tan 0=(K-1)/(K+1). 


1-2.8. Composition of velocities : 


i To compound i.e. add two velocities or forces or any other 
directed quantities we proceed exactly as stated for vectors, merely 
substituting for vectors, the word ‘velocities’ or ‘forces’ as required. 
Fig 1-2.9 and equations I-2.7.5 and 1-2.7.6 apply with the modifica- 
tion that P and Q are the two velocities, or forces and R, their 
resultant. 

Let us illustrate the general result by taking ‘velocity’ as the 
vector. The law of parallelogram of velocities, which states how 
two velocities are to be added together, may be stated as follows : 
g If a particle possesses simultaneously two velocities represented 
in magnitude and direction by the two sides of a parallelogram 
drawn from a point, they are equivalent to a single resultant velo- 
city represented in magnitude and direction by the diagonal of the 
parallelogram Passing through the point. 

a aay may be added to the resultant, then a fourth 
Bi: Ore We take up illustrations of such compositions let 
the basic principles behind, 
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A. Principle of Independence of Vectors. The law of addition 
of vectors is based on a principle known as the principle of 
independence of vectors. It states that each vector produces its 
own effect as if the others do not exist, When we add two or more 
forces, velocities, displacements, etc., this principle operates. To 
emphasize this independence for velocities, we write the following 
statement— 


B. Principle of independence of velocities. When a particle 
has two (or more) velocities at the same time, the velocity in one 
direction is not affected by that in the other direction. Each. yelo- 
city produces its own motion as if the oher does not exist. 


‘Tilustration: To cross a stream in the shortest time. In solv- 
ing problems in which a particle has more than one velocity at the 
same time, it is well to remember the principle of independence of 
velocities.’ When a man wants to cross a river the distance he 
needs to cover is the shortest if it is perpendicular to the bank. ` If 
he swims in this direction he will cross the river in the shortest time, 
though in this attempt he will be carried downstream by the current. 
According to the principle of: independence of velocities, his velo- 
city perpendicular to the streañ will not be affected by the velocity 
of the stream. So, in his attempt to cross in the shortest time, he 
swims as if there were no current in the stream. 


Ex, 1-2.3: A river flows with a velocity of one mile per hour, A man 
rows a boat at an angle of 30° to the river with a velocity of 3 miles per hour. 
If the river is half-a-mile wide, how long will he take to cross it? How far 
downstream will he be carried in the meantime ? 


Solution. Let us resolve the velocity of the boat downstream and perpendi- 
cular to it. The downstream domponent=3 cos 30°==} 3/3 mijhr. 
The perpendicular component =3 sin 30°=§ mi/br. 
The total downstream velocity of the man 
=}3/3 mi/hr due to the boat 
+1 mifhr due to the stream 
=} 3x 1°732+1=3'598 mijhr. 
According to the principle of indepen- 
dence of velocities each of these compoents 
acts as if the other does not exist. The 
downstream componeert does not help 
him to cross the river. 
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The component perpendicular to the stream=¢ mi/hr. It is this com- 
ponent which carries him across the river. 


So the time required to cross EE 


=} hr=20 minutes. 


The distance he is carried downstream in crossing the river=3 hrx 3-598 
mijhr=17199 miles, 


Ex. 1-2.4: A river 4 mile wide flows at the rate of 4 miles per hour. A man 
who can swim at 3 mi/hy has to cross it. Find (@) the minimum time in which 
he can cross, (b) the actual distance he travels in crossing, (c) the direction with 


respect to the bank in which he moves and (d) his resultant velocity with respect 
to ‘the bank. 


(The reader is advised to draw his own diagram). 


Solution. From. the principle of independence of velocities we understand that 
hei must swim perpendicular to the river to cross it in the Shortest time, His speed 
in this direction carries him across the river, and produces no displacement parallel 
to the bank. So the minimum time to cross 


breadth ofriver _ 3 mi iK 
speed across the river 3 mijm ™* hr=5 minutes, 


In this time he is carried 4 mi/hrx tir hr=§ mile downstream by the current. 
Since these two displacements that he undergoes are at right angles, the actual 
distance he moves is N FGP mile. 


If the direction of his motion makes angle @ with the bank, tan ¢=4. 


His resultant velocity = N3°+4? mihr=5 mijhr. 


Problem. In the above example, if the velocity of the stream is 14 miles 
AAR per hour find the direction in which 


AARAAR ES the man should swim so that he may 
Ion nn cross the river perpendicularly, 
iT mo Hint: Let the direction in which 
he should swim make an angle 
« with the bank on the upstream 
side. 
Resolving - his velocity parallel 


and perpendicular to the bank we 
have parallel component= 3 mi/hrxcos« and perpendicular _ component = 


3 mi/hr sina, Now find «, 
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Ex. 1-2.5: During the closing days of the Second World War the American 
pilots found at a height of about 7 to 13 km a 
a very strong continuous air current from west to 
east (named the jet stream) encircling the earth 
reaching upto a velocity of 300 kmph. and 
beyond. If a jet bomber flying at 40,000 ft. 
straight north (000) at’ 800 kmph. gets into it. 
what will happen to it? 


Solution: The adjoining figure tells you what 
happens. It will be found to be flying at 854 
kmph. along 020 direction i.e. 20° east of north. 


Problem: An aeroplane flies at a speed of u 
kmph and has a range (out and back) of R km in 
calm weather. Prove that in a north wind y 
kmph its range becomes 


rn R(u*—0") 
a u(u* —v* sin?y)— 


300km/h 


Special cases of composition. Equations I-2.7.5 and I-2.7.6 are 
perfectly general and hold for all values of « We take up here 
a few special cases : r 

(1) The forces or velocities are in the same direction, i.e., «=0. 
Since cos 0=1, equation I-2.7.5 gives R°=u®+y°+2uy or R=u+y. 


(2) The forces or velocitits are in opposite directions, i.e. «= 180°. 


Since cos 180°= —1, R?=u®+y?—2uy or R=u-—y. Here the 
resultant is the difference of the two and acts in the direction of 
the larger. 


(3) The forces or velocities are at right angles, i.e., <=90° 
(fig. I-2.13). Since cos 90°=0, 
R? =u? +y? 
or R=Ju"}v?  (I-2.8.1) 
and tan@=o/u (I-2.8.2) 
Note that in this case 


Fig. 1-213 drt MY } (I-2.8.3) 


6 c 


and v=R sin 0 


Ex. 1-2.6. Suppose a steamer moves downstream with a velocity of 16 km 
per hour, while a man walks across its deck with a velocity of 6 km per hour. 
What velocity will this man appear to have to a man standing on the bank of the 
river ? 
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„Solution ;° The man on tae steamer has two simultaneous velocities at right 
‘angles to each other. One is that of the steamer at 16 km/hr and the other his 
own, at 6 km/hr, 

From Eq. 12.8.1 ‘the resultant velocity R= Ji6? 6? =17-1 km/hr, 

If Ø; is the angle between the direction of motion. of the steamer and the 
direction of the resultant velocity, then, from equation 1-2.8.2, tan 0 =3/8, 

Thus to the man at rest on the bank of the river the other man will appear to 
move with a speed of about 17.1 km/hr in a direction inclined at an angle tant 

3/8 with the downstream direction. 


Ex 1-2.7, A crane pulls a body vertically upward with a velocity of 4.8 m/min, 
while it itself moves along horizontal ralis at 2 m/min, Find the velocity of the 
body (relative to an observer at rest on the surface of the earth). 

Solution ; Here: also tht two velocities are at right angies, 

The Tesultant R= y 487427=5.2 m/min 


The angle between- the vertical» and -the direction of the resultant R is 
tan~* 5/12 backward. 


1-29. Resolution of vectors : We have seen above how two 
vectors may be compounded into one. By following the reverse 
process (i.e., Constructing a parallelogram on a given diagonal, the 
directions of the sides of the parallelogram being given) it is possible 
to split a vector into two parts in two given directions, The case in 
which these two directions are at right angles, is of special import- 
ance, The parts into. which,a given vector is split are called the 
Components of the vector, and the Process is known as resolution 
of the vector. If the components are at right angles, the parallelo- 
gram reduces to a rectangle. Each component in such a case is 
called the resolved part of the vector in the direction concerned, 


Resolved part of a vector. The resolved part of a vector in a 
direction is its effective part in that 
direction. The resolved part of a 
vector R (fig. I-2.14) in the direc- 
tion OX making an angle @ with R, 
is given by P=R cosg. This together 
with Q given by Q=R sin 6, equals 
R, as may be seen by the vector 
addition P and Q. 
The effect of R in the direction 
OX is the same as that of P where P=R cos 0. P and Q are two 
components of R. 


Fig. I-2.14. 
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Definition. The resolved part of any vector in a given direction ` 
is that vector which together with another vector in a perpendicular 
direcion, produces the same effect as the given vector. 

If the vector is A and it makes an angle @ with some given direc- 
tion OX the resolved part (or component) of A in the given direc- 
tion is given by A, =A cos 9 (1-2.9.1) 

The resolution of a velocity in perpendicular directions have 
already been illustrated above in solving sums on crossing a river by 
a swimmer. 

The method of resolving detailed above, is one (the rectangular 
type) of the innumerable types available. 
We discuss below the general way of 
resolution when the components P and Q 
make angles ô and @ with the vector R 
to be resolved (fig. I-2.15). Let OC re- 
present R OA and OB P and Q respec- 
tively. In calculating these, we utilise 
the law of sines (see eqn. I-2.7.8) and 
remembering that BC=OA=P and AC=OB=Q to write 


OA _ CA _ oc . 
sin sind sin [x—(é+4)] 


PR ay Oi ae Rha. 
‘sing sing sin (+e) 


i sin 6 
PERUTI) and Q-R i gep 129.2) 

This resolution follows directly from the parallelogram law of 
vectors. 

1-2.10. Addition of Vectors by Geometrical and Analytical 
methods. We have seen how two or more vectors may be added 
together by the geometrical method. They can be added in another 
way, called the analytical method. For convenience, wè shall con- 
sider all the vectors to lie in the same plane. 

First, resolve all the vectors into rectangular components along 
any convenient pair of axes, and then combine them into-a single 


Fig 1-2.15 


or 


resultant, = 
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This is illustrated in fig. I-2.16. V,, Vas Va are vectors to be 
added. Let us take the x-axis along any suitable direction and 
the y-axis perpendicular thereto. 
If 6,, 6, and 6, be the angles 
the vectors make with the x-axis, 
then the x-components of the 
vectors are V, cos @,, Va Cos 0a 
and V, cos f. Adding these up 
we get the x-component Ra of the 
resultant R. The y-component Ry 
of the resulant is similarly V, sino, 
+V, sin f4 +V, sind,. Then 
R= VR +R? 

= VSV) + (SV),  (1-2.10.1) 
where SV, is written for the sum of x-components of the vectors 
and SV, for the sum of the y-components. 

If x is the angle which R makes with the x-axis, then 

Ry _ 3V, 
tan "RSV. (I-2.10.2) 


Fig 1-2.16 


“Ex, 1-2.8. Four velocities of magnitudes 4m|s, 8m{s, 12 „3 mls and I6m|s 
are simultaneously imparted to a particle. Angles between V, and V, is 
60°, between V, aud V, is 90°, between V, and V, is 150°. Find the resultant 
velocity, 


Solution: Let axos be taken along the direction of V, and the perpendi- 
cular to it. Resolving cach velo- 
city along the two axes we get 
respectively, 


Along the x-axis—4 cos 0” +8 cos 60° 
+123 cos 150°+16 cos 300° 
=4+8.}+12x /3(— V312) +16.4 
=—2m/s 
Along the y-axis—4 sin 0°+8 sin 60) 7 > >>> 
+123 sin 150°+16 sin 300° 
=0+8( 3/2) +12. /3/2) 
+16(— /3/2)=2 /3m/s 
Let the resultant velocity V 
make an angle ð with OX. Then 
Vcos @=—2and V sin 0=2 V3 m/s. 
So squaring and ‘adding, 
¥*=16 or v=4m/s and tan ¢= — V3 or 6=120° 


' 

[i 

' 

[j 

i 

' 
so, 


a> 


P, 
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Hence tho resultant velocity is 4 m/s at an angle of 27/3 with the first | 
velocity. 


Problem: Add displacements—(1) 8m north of east (2) 12m due south 
and (3) 20 m at 30° west of south by vector resolution method. 


( Ans.: 24.06, tan? 5,45 w of s) 


1-2.11. Position Vector : 

This is the shortest directed line segment (OP) joining any point 
P with the origin O of a.chosen tri-axial co-ordinate system (fig. 
1-2.17) with axes OX, OY, OZ 
at. right-angles to each other 
—a righthanded cartesian co- 
ordinate system (so-called be- 
cause rotation of a screw 
from OX to OY drives its tip 
along the OZ direction). 

From P a normal PM is 
dropped on the X-Y plane 
and again perpendiculars MQ 
and MN dropped on OX and 
OY. The line OM represents 
the projection of the line OP 
on the X-Y plane. Then OQ=x, ON=y and OR=z, the co-ordinates 
of OP with respect to the co-ordinate system. Tf i, j, k represent the 
respective unit vectors along OX, OY and OZ, then by triangle 
law of addition of vectors 


Fig. 1-217, 


OP =0Q+ON+OR 
no r=xityjtok (I-2.11.1) 
where r= (oM++ PM)? =[(ON*-+4NM?)-+PMay* i 
=(x? +42) (1-2,11.2) 


The above analysis is an elaboration of representation of vectors by 
co-ordinates in foregoing I-2.4(c).. Below we show you an applica- 
tion of the idea. 

An idea of Instantaneous Velocity. In the last chapter we have 
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“given: you that dea—here is its pictorial or physical presenta- 
tion. Let a particle be moving 
along a curved path OBDE of 
which the points B and D have 
Position vectors OB (=r,) and 
OD (=r,) at instants 4 and t 
where At=t,—t, and the dis- 
placement from B to D is 
alate é Ar=r,—r, (fig. I-2.18). Then 
the average velocity (v) of the 
particle during the interval 7 t 
as it moves from B to D will be given by PQ, a directed line segment 
(Ar) parallel to BD. We go on making BD smaller and smaller till it 
reduces to a vanishingly small segment about the mid-point, Then 
the instantaneous velocity becomes 


Fig. 1-2.18. 


Instantaneous acceleration can be similarly illustrated and has 
been so done for centripetal acceleration (fig. I-5.4). Both the figures 
show you the utility of law of triangles of vector addition. 


Ex. 1-2.9. Show vectorially that the line Joining middle points of iwo sides 
Is half of and parallal to the third 
side. [H. S. '83) 

Ans, : Let a, b, c be the posi- 
tion vectors of the vertices of a 
tringlo w.r.t. to the same origin. 
Let D,E bo the mid points of 
the sides AB and AC, their 
position vectors being p and q. 
Then p=}(a+b) and q=}c+a) 

DE=}(c ++a)—}(a +b) 
=i(c—b)=} BC 


Thus is established the proposition. 


Ex. 1-210. Three vertices of a triangle ABC have position vectors i+2j, 4i 
+5) and 7i+j. respectively. Find the position vector of D the mid-point of 
BC and show that AB?+AC*=2(AD*+BD*)—the well-know Appolonius 
theorem. Also find the lengths of the sides of the triangle, 


VECTORS =~ ig 


Solution; AB=AQ+OB=(-i—2j)+ (41+5j)=31+3) 
AB= N3* 37 = =3 02 ; 
BC=BO+0C=(—4i—5j) +(7i+-j) =3i-4j 
se BC= 3?74(—4)?=5 
and CA=CO+OA=(7i-j)+-i+2j) = —6i+j 
CA= NOFT = 557 
Let the required position vector of D 
ber. Then : 


r=OD=}(OB+0C) 
=}(4i+5j+7i+j)=3+ 1+3) 
AD=A0+0D=(—i-2j) 
+CAi+3j) titi 
so AD =4+1=45 : 
2AD?+2BD? =2(4' +22) =55 


forBC=5  .. BD=% 
Again AB? +AC*#=(3 \/2)? +( v37)” 
=18437=55 


So AB?+AC* =2(AD*+BD*). 


Ex, 2.11. Show that if AB=DC in a figure ABCD, it is a parallelogram and its 
diagonals bisect each other. 


Solution: Draw your own diagram and let the position vectors of points 
A, B, C, D be a, b, c, and d. Then we have 
b-a=a—d and hence d—a=c—b 
or AD=BC or ABCD isa parallelogram 
Again from the aboye relattons i 
a+c=b+d io. {a +c)=b+d) 
Thus mid-points of the diagonals AC and BD are identical. 


Problem: D, E, F are the mid-points of the sides AB, BC, CA of a triangle. 
Show that the vector sum of the medians is zero and they have a common point 
of trisection. 


I-2.12. Product of Vectors : 

A vector may be multiplied by a scalar (i.e. pure number) or by 
another vector. When two vectors are multiplied the result may be 
either a scalar or a vector, the former is said to be a scalar or dot 
product, the latter a vector or cross product. 
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A. The product of a vector r by a real number +n denoted by 
nr or rn is just another vector of length | n| times that of r having 
a direction same as that of r or in the opposite direction according 
as n ist+ve or —ve. Momentum vector my, the multiplication of 
velocity vector v by a scalar m, is an example. 

Division of a vector by a real number m gives a vector of length 
r/m. The resultant vector may be+ve or —ve as before, parallel to 
the original vector. It is thus that we get a unit vector. 

The laws of association and distribution for scalar multipliers 
hold as in ordinary algebra. For scalar multiplication and division 
we may write — a 


r=tna=tan 
EE (I-2.12.1) 


B. Scalar Product of two vectors a and b inclined at an angle . 
of o with each other is the real number ab cos @ and is written as 
a-b=ab cos 0=b.a (I-2.12.2) 
The order of the vectors may be re- 
versed without altering the value of 
the product. Further b cos 6 is the 
resolute (i.e. the resolved part) of b 
in the direction of a and a cos 9 the 
resolute of a in the direction of b, 
+ve or —ve according as ọ is 
acute or obtuse. Hence we may 
state that 
The scalar product of two vectors 
is the product of modulus (ie, the 
magnitude) of either vector and the resolute of the other in. its 
direction as indicated in fig. T-2.19. 

From eqn. I-2.12.2 we conclude that the scalar Product of two 
vectors (i) is a scalar itself in the same plane for a, b are scalars and 
cos 0 a pure number (ii) obeys commutative law of multiplication 
for ab=b.a and (iii) is indicated by putting a dot (a distinguishing 
feature) between them and hence called also a dot product. 


Examples of scalar product of vectors are many, including mecha- 
nical work (F, d), power (F. v). gravitational potential energy (W. h), 
electric power (E.i) and electromagnetic energy density (E. H) 


Fig. 1-2.19. 
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From definition we find that if @=7/2 than a.b=0 which means. 
that the vectors are perpendicular to each other and conversely, © If 
@=0 a.b=ab, the dot product becoming equal to the algebraic 
product for collinear or parallel vectors. 

C. Vector Product of two vectors a and b inclined at an angle 
0 is a vector of modulus (i.e. magnitude) ab sin 6 and perpendi- 
cular to the plane containing a and b being iapive for a rotation 
from a to b and is written as 

c=axb=ab sin 0 7 (1-2.12.3) 

To specify the direction of ¢ imagine rotating a right-handed 
screw with axis perpendicular 
to the plane formed by a and 
b so as to turn it from a to 
b through an angle between 
them (fig. I-2.20). 

From eqn. I-2.12.3 we find 
that the vector product of two 
vectors is (i) a vector itself, 
perpendicular in direction 
to both, (ii) does not obey the (a) (by 
commutative law; for —axb Fig. 1-2.20. 
means rotation from b to a reversing ¢ in direction fig. I-2.20b, 
(iii) and is specified by putting a cross (X) sign between them and 
hence called the cross product. 

Examples are amongst others, torque (F xd), angular momentum 
(Io) magnetic moment (MXH), force on a moving charge in a 
magnetic field (B e v). For 6=0, cross-product of two vectors vanish, 
giving us another condition for parallelism or collinearity of two 
vectors. 


I-2.13, Relative velocity: 

Ordinarily, we consider the motion of a body with respect to an 
observer at rest on the surface of the earth. When the observer 
himself is in motion it seems to him that the velocity of the other 
body has changed. Toa man at rest on the surface of the earth rain- 
drops appear to fall vertically when there is no wind. But when he 
is moving in a train the drops seem to move slantingly even in the 
absence of a wind. When a person looks at a moving body, the 
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motion he sees is always a relative motion, i.e., the motion of the 
f: body relative to the observer, 


au 8 whether the latter is at rest or 

ies oa n = in motion. a ae 
AMAR aA AEE A GY i The relative velocity be- 
o V SDN OA NAR Kha tween two bodies, both of 
c u which are in motion w.r.t, the 
(a) 0) surface of earth, may be ob- 
Fig. 1-2.21; tained easily by the method 


of composition of velocities. Let two bodies P and Q move with 
velocities u and v along the lines AB and CD respectively (fig. I-2.21), 
u and vy being values relative to an observer at rest. What will be ex 
the magnitude and the direction of the velocity which Q will appear 
to have to an observer situated on P? To picture it clearly, P and 
Q may be looked upon as two ships proceeding in different directions, 
whose, velocities are w and v with respect to a person standing on 
the sea beach. 

If we superpose on both P and Q a velocity equal to —u, their 
relative velocities will not alter. It is the same as imagining that 
the sea has a current whose velocity is equal and opposite to that of 
the ship P. P will then appear to be at rest to the observer on the 
beach. Q will seem to him to have two simultaneous velocities, v 
along CD and —y along AB. The velocity of O to both the sta- 
tionary observers is the same, and is the resultant of v and —u. This 
resultant R is obtained graphically as shown in fig. I-2.21(a). 

When we want the relative velocity of P with respect to Q (i.e., 
if the observer instead of being in P were in O), we bring Q to rest 
by superposing a velocity of —v on both. Then the relative velocity 
will be the resultant of u and —v. Fig. I-2.21(b) gives its value R’, 
which is easily seen to be equal and opposite to R. 

Generalising, we may say that to find the relative velocity of a 
body Q with respect to another 
body P when both are in 
motion, (i) reverse the velo- _ | 
city of P and (ii) combine it w \ 
with that of Q. y 

The resultant gives the rela- ” si ð u p 
tive velocity. P may be called Fig. I-2.22, 
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the observer and Q, the observed. The working rule then reduces 

to—‘Reverse the velocity of the observer and combine it with that 

of the observed’. The magnitude and direction of the resultant are 
„best obtained by geometrical construction. 


Note. Reversing a vector u and adding it to a similar vector v means 
subtracting u from v, that is, getting v= u. So. relative velocity is obtained by 
appropriate vector subtraction. If OP and OQ (Fig. I-2.22) represent the two vectors 
u and v, then v—u=the vector represented by OR=PQ. *u—v is the vector 
represented by QP, So, we may say that the velocity of Q relative to P is equal 
to the velocity of Q minus the velocity of P. (Note that while OC in Fig, I-2.22 
represents P+Q, the other diagonal represents the difference of P and Q ; (P-Q= 


BA and Q-P=AB). 
The magnitude of the relative velocity is given by eqn 1-2.8.1 


To determine the relative velocity of a body do the following :— 
@ Identify the frame of reference or simply the object w.r.t. which you are 
to find the relative velocity. * 
‘(> Superpose on that body or frame a velocity equal and opposite to its bwn. 
It will apparently come to rest. 
(ii) ‘Compound this superposed velocity with the actual velocity of the body 
in question, The resultant gives you the required resultant velocity. 
This has been indicated above. This is to re-emphasise. 


Ex. 1-2.13, A ship steams due east at 18 km/hr and another due south 
at 24 km/hr. Find the velocity of the first ship with respect to the second. 

Solution : The student is advised to draw the necessary diagram. 

Here the observer is in the sedond ship. So the relative velocity ‘is obtained 
by combining the velocity of 18 km/hr due east with 24 km/hr due north... This 
gives a velocity of 30 km/hr at an angle tan-1 } east of 
north, f 

Ex. 1-2.14. A cyclist rides horizontally at 10 km 
per hour. There is no wind and ratn-drops appear to 
him to fall at an angle of 10° to the vertical. Find the speed 
of the rain-drops. 

Solution: In the fig OA is the velocity of the cyclist 
and OC that of the ‘rain-drops. The relative velocity OR 
between them is obtained by reversing OA and combining it 
with OC. Z COR=10°, CR=10 km/hr. . To find OC. 

Now CR/OC=tan 10°= git ag table of tangents). 
km/hr=56°8 km/hr. 


oy oc=5176 T6 


a 
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Problems: (1) The pilot of an aircraft flying on a horizontal course due south- 
west at 200 kmph sees a train apparently moving due north, although he knows 
that the railway line runs due west. Find the speed of the train. 

[Ans. : 141.4 kmph]. 


(2) A steady wind blows from the west at 100 km/hr during the pes of an 
aircraft from airfield A to airfield B due north of A. The airspeed indicator reads 
260 km/hr during the flight. It takes 1 hr 15 min for the flight from A to; B 
(neglecting take off and landing times). Find the direction in which the pilot 
steers the aircraft and also the distance AB. LJ. E. E. 83] 

fAns.: At an angle @ give by tan @ =5/12 west of the line AB. Distance 
AB=100 km] 


I-2.14, Relative motion in the same straight line with 
acceleration. Suppose two bodies, P and Q, are moving in the same 
direction with initial velocities 
u and u, and accelerations 
fi and fa and that at the 
initial moment they are at a 
T distance s apart (fig, I-2.23). 

ý Suppose P overtakes Q after 
PEGER travelling a distance x Let 
the distance which Q travels in the same time ¢ be Xa Then 


Xy=4,t+hfit® and ETAETA 


^ S=X, —Xa= (u; -Ut +3 fi- fath. (1-2.14.1) 


This is the same as if Q were Stationary and P approached Q 
with a velocity u,—u, and acceleration fı—f (Velocity and accelera- 
tion of Q are reversed and added to those of P). The time required 
by the faster body to overtake the slower one is that which it will 
take in travelling the distance s with a velocity u;—vy and accelera- 
tion f,—f,. 


Ex, 1-2,15. A stone is dropped from a high altitude be 
is projected downward with a spread of 150 ft/s. 
overtake the first? (g=32 ft/s%), 


3.00s later. Another 
When and where will the second 
W 


Solution : At the moment the second stone is Projected the first one, i.e., the 
slower onè has fallen $x32x32= 144 ft, and its speed U,=32X3=96 ft/s. The 
second stone has u,=150 ft/s. The acceleration is g=32 ft/s? for both, 
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We, therefore, have s=(150—96)t+4 (g—g)®=54t, ie., 1=23s. it 

The distance x, from the point of projection=150x 23+ 16x(232=514 ft + 

Problem;. A bullet is shot vertically upward with a speed of 320 ft/s, and 
A's later a second bullet is shot upward with a speed of 190 fi/s. Will they ever 
meet ? “If so, where-? 

(Hint Calculate the speed of the first bullet after 4 sec. Note whether the 
faster bullet is approaching the slower one, or receding from it. They will not 
meet.) 


A. Accelerating Lift: Let a lift accelerate upwards with f when 
referred to a frame at rest on the surface of the earth. The 
acceleration of the lift referred 
to another frame accelerating 
downwards with g under 
gravity is obviously [f—(—g)] 
ie. (¢+f) upwards as shown (g+f) 


in fig, I-2.24(c) Ag 
In the fig., in (a) we show J i 
separately f the upward ac- L LI L 
celeration of the lift and also (b) tc) 
the downward accelerating 
frame falling freely with g. 
In (b) side by side are shown 8 
f and reversed g. They are 
compounded in (c), ta) 

If the same lift accelerates 
downwards with same f (<8) 
then its relative acceleration becomes [f—(—8)] ie. (e—f) upwards.. 
To and observer in the rescending frame the lift would appear to move’ 
upwards with this acceleration. We shall return to this problem 
later (I-3.11B). 

Thus for ascending and descending lifts the relative accelera- 
tions would be aî =g+f H (1-2.14.2) 

a} =g-f 

Problem: Ane levator is ascending with’ an acceleration of 4.0 ft/s’. At the 
instant when its upward speed is 8.0 ft/s, a bolt drops from the top of the cage, 
which is 9.0 ft from the floor. Find the time until the bolt strikes the floor and 
the distance it has fallen. [ANS: 0.71 s; 2.3 ft] 

[Hint : For the elevator u,=8 ft/s, a,=4 ft/s’. For the bolt u,=8 ft/s, 
a= —32 ft/s%, s=9 ft) 


Fig. 1-2.24 
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“B. Relative Acceleration along Perpendicular lines. Let there be 
4 a large drum on its side on an open lorry at rest. Suddenly the lorry 
is started forward. Unless 
somebody holds on to the 
drum it will rolf backwards 
with an opposite acceleration 
and tumble out onto the 
ground, In addition to the 
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-has a vertical one due to 
gravity. 

A similar case is shown in 
fig I-2.25. A running train is suddently decelerated. A suitcase’ 
on the bunk slides forward and falls on the floor. The acceleration 
of the train (here —ve) is represented by AO which equals — AD. 
The suitcase accelerates downwards represented by g=AB. Clearly 
the relative acceleration of the suitcase with respect to the 
decelerating train will be : 

fr = AB—OA =AB+AD=AC 
BC_AD_f (I-2.14.3) 


Fig. 1-2.25 


Hence the suitcase will appear to fall forward at an angle of 
tan-* ( f/g ). 


: Ifa moving train suddenly retards at 1.2m/s*, a suitcase slips 
forward and falls on the floor. Find its relative acceleration end the direction 


of fall, ( Ans. fa= J1.27+9.8? ; tan 7° (nearly) = tan 42) 


$ 
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1-3.1. Kinetics. 

So long we have learnt Kinematics—motion has been dis- 
cussed in its abstract form without considering what moves a body 
and how does it do so. Now we take up Kinetics, which tries to 
answer these two questions and throws up two new concepts central 
to the answer, mass (inertia) and force.. Here as before, when we 
say a body you should take it to be a particle. 

A body moves under an unbalanced force (one that. is not 
opposed “by an equal and opposite force) and it moves with an 
acceleration. Our idea of force is associated with that of push or 
pull—the so-called contact forces. But forces may be exerted with- 
out contact; namely gravitational, electric or magnetic forces of 
attraction and repulsion, which need neither contact nor medium to 
act. They are field forces. 

The nature of force which can affect bodies without contact, 
which can move a body after it has parted company with the agent 
e.g. a stone hurled forward by your hand) had engaged the attention 
of wise thinkers since the days of the academic Aristotle (384-322 
B.C.) tutor to Alexander the Great till the experimenter Galeleo. He 
for the first time introduced experimentation, to study the behaviour 
of moving bodies. He carried out extensive and systematic observa- 
tions on how a body moves, how does it come to a stop, how does 
gravity affect the motion of a body falling freely or rolling down an : 
incline, what happens when it collides with another and others. He 
followed up these observations with a chain of logical arguments 
-and arrived at some general pattern of behaviour of material objects 
when at rest or in motion. He concluded that (1) a body at rest 
tends to continue to do so, (2) likewise (but contrary to teachings of 
Aristotle) a moving body continues ‘to move without change either 
of direction or of speed and (3) it requires a force (unbalanced and 
exernally applied) to change any of these states. You must realise 
that the idea of inertia is introduced thereby and also Newton’s First 
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Jaw." ` Intertial frames of reference (I-1.4) are alternatively called 
Galelean frame to honour his pioneering efforts. 

Newton (1642-1728) built upon and expanded these findings to 
his famous rules or laws of force. They cannot be formally proved 
or deduced but crystallizes human experience through the ages and 
form the basis of Classical Mechanics. They have stood the test of 
rigorous investigations with complete accuracy for (i) gross bodies 
and (ii) at speeds small compared to that of light. Bet 

Apart from (1) the idea of unbalanced forces we should get used 
to treating (2) a body as a particle and (3) the idea of a closed 
system, when discussing Newton’s laws of motion. Interacting 
particles are imagined to be inside a closed surface quite isolated 
from the effects of any other body or particle. 


braz. Newton’s Laws of Motion.* * 


The exact relation between force and motion was stated: first in 
the form of three laws by Newton in his monumental work (1686-87) 
Principia Mathematica Philosophiae Naturalis, written in Latin. 
The laws are 


Law I. Every body (i.e. a particle) continues in its state of rest 
or of uniform motion in a straight line unless impelled by an un- 
balanced external force to change that state. 


Law I. The time rate of change of momentum is proportional 
to the externally impressed unbalanced force and is in the direction 
of that force. 


Law Wl. I an isolated or closed system, action and reaction 
are equal and opposite, 
@.1-3.3,. Discussion on the First Law; Intertia and Force. 


The law introduces to us the concepts of inertia, those of (a) 
inertia of rest (b) inertia of motion and (c) that of force, The law is * 
really a statement about reference frames and as it is called the law 


$ 
Newton, a truly great savant, had declared “If I have been able to see more 
than others, that is because I stood on shoulders of giants.” Galeleo was the 
foremost amongst these giants. 


**You are surely aware of these laws from your secondary school, Yet! go 
through them carefully. There may be significant differences in the statements. 
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of inertia, the frames in which tht laws are valid are called Inertial 
or Galelean frames. 

1-3.3A. Inertia of Rest: The tendency of a body to continue 
in its state of rest is an inherent property that is called inertia of rest. 

(I) You have already learnt that, it is this that is responsible, for 
falling back or leaning back of a standing or sitting passenger in a 
car that starts suddenly, : 

(2) You must have noticed while playing carrom that if you 
pile up carrom dices in a neat vertical column and hit the lowermost 
dice sharply with the striker it darts forward and the pile just settles 
down without toppling over. 

(3) Take an empty cup, On it place a postcard and on that 
a steel ball. Flip the card forward sharply, it will move off but the 
ball will land inside the cup. Note that the carrom-board surface is 
generally smooth and hence friction is small; same is the case of 
spherical ball on the card. s 

(4) A seismograph utilises inertia of rest to record movements 
due to earthquakes. It consists (fig. J-3.1) of a horizontal pendulum 
rod R fixed to a nearly vertical 
axis A. R carries a heavy 
block (B) at the end with a 
sharp stylus St, touching the 
surface of a smoked drum D. 
D rotates slowly with a cons- 
tant speed, moving axially at 
the same time. The base of the 
drum D is rigidly attached 
to the ground. On D, St traces 
a uniform spiral. In an earth- 
quake, the ground the support 
‘of D, moves before B does and 
hence St does and so records 
the quake in irregular jerks (j). [I-3.1(b)]. 

(5) Put a cupful of water on a smooth table and give it a sharp 
forward push. Water will splash back on your hand. This happens 
because of inertia of rest exactly as happens to the passengers in a 
bus which just starts. 


Fig. 1-3.1 
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(6) Hang a kg-wt by a thin thread, say A, from a rigid support. 
Attach another thin string, say B, from its lower side. Now pull B 
slowly and steadily and you will find A to snap, not B; give Ba 
sharp tug and B will break, not A: The large inertia of rest of the 
weight permits a momentary but very large force to develope on B 
and prevents it from reaching A and so B snaps, not A. 


1-3.3B. Intertia of Motion: The inherent property of a 
moving body to tend to continue to move uniformly in a straight 
line was first recognised by Galeleo experimentally and is called 
inertia of motion. The velocity vector of a moving body tends to 
remain unchanged. We present below a number of illustrations. 


(1 Galeleo ‘diluted’ gravity’ by allowing a ball to roll down inside 
a large bowl; he found: the ball rolling up on the other side to 
approximately the same height irrespective of the incline. 


(2) Again, the ball, if rolls out on a level plane after descending 
the incline, would go further and further as the level plane is made 
smoother and smoother. It is only the force of friction, omnipresent, 
that opposes the motion, reduces it and finally halts the ball. 


-~ (3) You sprinkle french chalk or powder on carrom boards and 
billiard tables to reduce friction. Hard-pressed plain ice surfaces 
are almost frictionless. Both provide instances of inertia of motion 
when the carrom striker or the billiard ball or the ice skater moves 
on. An ice-hockey ball is a block not a sphere (Why ?) 

r (4) A ‘dry ice’ puck is a 
brass plate which literary floats 
on a thin film of CO, gas and 
rides over a glass plate. A very 
slight push makes the disc 
move (fig. I-3.2) on and on and 
on in a straight line with 
constant speed as if by magic. 

} Friction here is almost non- 
existent. 


(5) An object say a spaceship, far out in interplanetary space 
where no air resistance exists and no appreciable gravitational 
attraction, follow a linear path with constant speed for ever, like the 
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Voyager and Pioneer space-probes sent out to learn about our Solar 
System by the U.S.A. 

The tendency of moving bodies to persist along a straight line is 
an everyday experience. Mudguards over car or bicycle wheels are 
provided to protect you from the mud and slime which the whirring 
wheels throw up tangentially. Sparks fly off tangentially from a. 
fast revolving grind-wheel when a knife-blade is pressed on it. A 
ball thrown up in a uniformly moving open railway carriage returns 
to hand, a vaulting performer on a slowly cantering circus-horse 
re-lands squarely in her seat, due to this inertia of motion both in 
speed and direction. 

You know why—standing passengers fall forward when their 
bus suddenly stops; commuters alighting from moving buses must 
lean backwards, or fall on their faces if they do not; trunks slide 
and jump forward off bunks in railway compartments if a fast train 
suddenly brakes—all due to inertia of motion. Such experiences 
can be multiplied ; think up some yourself. 

(3.3C. Inertia and Frames of Reference: Inertia of rest and motion 
are not however, two different properties of a body. but appears so because of the 
frame of the observer. We return for clarification to the case of a ball thrown 
up vertically inside a uniformly moving open carriage. 


Š e 
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MOVING CARRIAGE STOPS CARRIAGE 
CARRIAGE SUDDENLY AA, 

ta) (b) (ec) 

Fig 133 


* 

(1) The ‘path. of the ball would appear as in fig 1-3.3(a) to another passenger 
seated in the some car ; but to a stationary ‘observer on the platform the ball ap- 
pears to describe a curved. path as in (b). To the first observer the up and down 
path described, is due to inertia of rest, while to the second one, the forward motion 
would’ bear out inertia of motion. To the: first observer the uniformly moving 
cartiage is' the reference frame ; to the second, the unmoving platform is the 
reference frame—both are inertial and so to both of them Newton’s first law is 
valid. 
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(2) Exactly similar observations are made by a pilot in a Steadily flying bomber 
when he drops a bomb and a man on the ground who sees the bomb falling ; to 
the pilot in a uniformly moving frame the bomb descends vertically ; to the man 
on the ground it appears to describe half a parabola (fig. I-3.4). 
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(3) A boy leaning out of a fast but steadily running train drops a coin and 
a man standing on a field beside, observes the fall ; to the boy it is a vertical 
fall, to the man parabolic. Later (1-3.6), we shall look at these phenomena from 
another angle—the Principle of Independence ‘of Motion, 

In fig. 1-3.3(¢) is shown what happens if the carriage uniformly accelerates 
immediately after the ball is thrown up. The ball lands behind. The observer 
on the platform will consider it normal, a result of inertia of motion. But to the 
seated passenger, it will appear to be a Violation of inertia of Test ; for he gees 
the ball going back without any horizontal force being applied. 

If the carriage takes a sudden bend while the ball is in air, it will not return 
to the boy. He will see it moving away from the direction of the bend. To the 
observer outside, the ball moves along the line the carriage was moving before, 
To him it is natural but to the boy, it is inexplicable from Newton’s first law. 


These happen because the Passenger is no long 
an accelerated frame ; for in the former case 
‘direction, We shall return presently (13.6) to 


er in an inertial frame but in 
Speed changes, in the latter, the 
this apparent anomaly. 


Thus the first law does not differentiate bbetwee: 


n bodies at rest and in uniform 
rectilinear motion, 


In absence of forces both tendencies are “natural.” The 
apparent differences is all due to reference frames. Suppose on parallel tracks are 
a train at rest and another moving uniformly Past. To a passenger in the first 
train, others in his compartment are at rest; to an observer in the second, the 
Same passengers in the first train appear to recede uniformly. To none of the 


two sets of Observrs, the compartment at rest appear to have an acceleration and 
hence (from first laws) under any force. 
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]-3.3D. inertia and Mass: Mass is defined as the quantity of 
matter in a body. The definition is not satisfactory for it is not 
operational—it does not provide a method of measuring mass, 

Mass is a measure of inertia for we find larger the mass of a 
body larger is its inertia; 
inertia is ‘that fundamental 
property of matter because of : 
which a piece of matter resists 
any attempt (i) to start or 
accelerate it when at rest, 

(ii) to stop or decelerate it 

or (iii) change the direction, 

when in motion, Larger the 

mass proportionately greater, 
appears to be this difficulty. Compare the efforts to start or stop 
or divert a child’s pram and a motor car and you will realise why 
mass is taken as the measure inertia. They are both measured in 
kg (MKS) g (CGS) and slug (FPS). 


A demonstration experiment is as follows. On a toy-car 
moving smoothly on rails there is a vertical pivot (fig. 1-3.6) which 


Fig. I-3.5 


Fig 1-2.6 


supports a light uniform horizontal bar that carries at its two ends 
identical lead balls. The car may be pushed along the rails. When it 
starts suddenly or stops suddenly the rod remains unmoved ; one 
of the balls is next replaced by a wooden one of same size. Now 
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if the car is suddenly started the rod starts rotating, the lead ball 
backwards, the wooden one forwards. Stop the car suddenly; the 
sense of rotation reverses, the lead ball advancing, the wooden one 
receding. The lead ‘ball has a larger mass and hence larger inertia ; 
hence its above behaviour. : 

A familiar occurrence illustrates the fact that inertia is propor- 
tional to mass, You might have observed that sometimes a railway 
engine cannot start a long heavy train. It then first pushes the 
bogies backwards and then starts the forward motion. What 
happens is this—when the links between the bogies are taut, to 
Start the train acceleration has to be imparted to the entire train. 
This has detinitely a very large mass and the engine has not power 
enough to do it. It gives a backward push to loosen the couplings 
between the bogies. Then when it exerts a pull the bogey just 
behind the engine, having a much smaller mass and hence less 
inertia, gets a forward motion. This is picked up by the successive 
bogies one by one and the whole train gets under way forwards. 

Not for nothing has Newton’s first law of motion been called 
the law of intertia, Inertia is that fundamental. property of 
matter by which it resists any attempt to change its state of motion 
including that of no motion. This assertion follows from the first 
part of the first law. 

1-336. + Force: The second part of the first law provides us 
with a qualitative* definition of force, the concept of greater interest 
to us. 

Force is defined to be that agency which changes or tends to 
change the state of uniform rectilinear motion and of no motion 
(i.e, state of rest) of a body, 

Suppose you push a heavy truck or pull a heavy roller and you 
can move neither ; this is because an opposing force, that of friction, 
neutralises your effort. A ceiling fan is pulled downwards by the 
force of gravity but it does not fall, for the opposing force of tension 
acting upwards through the Supporting rod, neutralises the weight. 
The forces tend to move the truck or roller or the fan but cannot 
do so because they are balanced. TË then several ropes pull a heavy 
body in various directions but fail to move it, that is because they 


S Not the quantitative or operati i 
~ perational one, which comes from the second time 
which "you know, viz. F= ma; 
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add up to a zero resultant. Thus the first law does not distinguish 
between absence of all forces on a body and action of any number 
of forces on it, that add up to zero ; so the law.can be alternatively 
phrased as if no net force acts on a body its acceleration is zero. 
Hence the importance of the adjective unbalanced to the word force, 
in the statement of the first law given above. Newton’s third law tells 
us that in nature there can never be a single force ; there can be either 
an unbalanced (resultant) force or a system Of balanced ones, 

Note carefully, that an unbalanced force must act on a body 
from outside to make it move, You can never move a car by push- 
ing it from inside, however hard you may try. When your car stalls, 
you must come outside and push it. 

This happens because when you-are inside the car you are inside 
a closed system. There are just two bodies, i and the inside wall 
of the car ; you push the wall and the wall pushes you back equally 
because of Newton’s third law; and the forces are balanced. When 
you push from outside you are utilising a third body, the ground, 
See the cases of a rickshaw puller pulling his vehicle and a horse 
pulling a cart [ I-3.9B(3) ]- oe 

“Force as a Vector : As it involves acceleration, a vector, the force 
must also be a vector. Tt'hħâs both magnitude and direction and as 
we shall next, that it obeys the laws of vector addition and resolu- 
tion. Further, the point of application of a force has to be specified 
just as for a vector. This last requirement brings out the importance 
of treating a body as a particle. The latter being of no size, the ques- 
tion of point of application does not arise; but it does, for a body. 
Push a heavy book or a brick with a single finger ; you will not move 
it in a straight line if you push at any and every point; it would! 
move and rotate together. Only when, the line of push passes along 
a particular line (passing through the centre of mass of the body) 
it will move in a straight line. Later (I-7.10) ‘we! shall see that this 
point is the one where the whole mass of the body can be taken to 
be concentrated, in fact the body reduced to a particle, at least in 
imagination. |That point is its»center of mass. 

R Effects of Forces: In mechanics, force is the most important 
entity. Tt can do a number of tasks, as for example 

(a) Two or more forces may keep a body. or particle at rest, 
Examples are many and obvious. 
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with a pair of parallel rails rr fixed upon it. The bench can 
be accurately levelled. A trolley T with frictionless wheels runs along 
the rails. Two pair of springs (SS) called frictionless brakes fixed 
at the terminii, arrest the motion of the trolley slowly: A friction- 
‘Jess pulley P fixed at one end helps to pull the trolley if necessary 
by acord. A metal reed R, capable of transverse vibration carries 
an inked stylus St. It touches lightly a long paper tape TP fixed to 
the pulley at one end and passing over a smooth roller carries a 
load L at the other end. 

The base plate is made horizontal by levelling screws. The 
stylus tip is inked and the trolley slowly pulled 
towards B;. A straight line referred to as the zero- 
line is thus drawn along the medial line of the tape. 

` The stylus is then set vibrating at right angles to 

the zero line and the trolley released at B,. The 

z load ‘pulls the trolley forwards with a constant 
fis aceleration. The tiny inked stylus traces’ out a 
wavy curve on the tape sliding beneath it. Time 
= for each vibration bebing constant, this device gives 
small time-intervals. The points of insection of 
also a convenient method of accurately measuring 
the wave and the zero-line, a, b, c, d...are marked 
and the distances ab, bc, ed...accurately measured. 


If the period of vibration of the reed be T then 
the average velocity in succeding intervals of time 
would be ab/T, bc/T, so that the change in velo- 
city in the first interval is (be—ab)/T and so the 
acceleration (bc—ab)/T*. The load L and the 
trolley mass (M) remaining constant, acceleration 
comes out to be the same for each successive seg- 
ments like (cd—be). Thus we find that acceleration 


(a) to be proportional to the force—the weight of 
Fig. 1-3.7) the load L. 


CER Units of force. (a). Absolute units: A unit of force 


defined according to the equation F=ma is called an absolute 


unit. 
& 
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In cgs units the absolute unit of force’is the dyne. The dyne* 
is that force which, acting on a mass of 1 g, gives it an acceleration 
of 1 cm/s*. 


* 
1 dyne=1 gx1 oo! s=] gem s-*, 


The dyne (symbol dyn) can be.replaced by its equivalent g cm/s’ 

In mks units, the unit of force is called the newton**. It is the 
force required to produce an acceleration of 1.m/s* ina mass of 1 
kg. Thus 

1 newton (symbol N)=1 kgx1 m/s*=1,kg ms7* 

The newton (N) can be replaced by its equivalent kgm s~? 

In the British system the absolute unit of force is called poundal. 
The poundalt is that force which, acting, on a mass of 1 slug, 
(or, Ib) gives it an acceleration of 1 ft/s’, ; 

Relation between newton and dyne: Let us write 1 newton= 
1 kgX1 m/s’=x dynes=x.g cm s7? 

2 x=1*8.™ 1000 100-108 
g cm x 
or-1 N=10° dyn. (1-3.4.3a) 


Relation between the poundal and the dyne: 
1 Poundal=1 Ibx1 ft/s*.. 
=453.6 gX 30.48 cm/s? ii 
=453.6X 30.48 g cm/s* mente 
= 1,382 10' dyn=0.1382 N, ‘ (1-3.4.3b) 
(b) Gravitational. units of force. We use such terms as ‘a kilo- 
gram of force or a kilogram-weight’ and ‘a gram of force or a gram- 
weight’, etc, These are gravitational units of force and represent 
the attraction of the earth on a unit mass, i.e., the weight of a kilo- 
gram or a gram or a pound. As the weight of a body varies slightly 
at different places it is necessary for the sake of accuracy to specify 
where this weight is measured: 
A kilogram of force (written kg-wt or kgf) is the weight of a 
kilogram of mass at 45° latitude and mean sea-level. 
A gram of force (ora gram-weight. written g-wt or gf) is the 
weight of a gram of mass at 45° latitude and mean sea-level. 
* The dyne is a very small force, being about the weight of a mosquito. 
** A newton is about equal to the weight of 100 g. 
+ The poundal is about equal to the weight of a 14-gram mass. 
8 
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A: pound of force (or a pound-weight, written 1b-wt or lb) is the 
weight of a pound of mass at 45° lititude and mean sea-level. 
Nowadays in FPS system Slug is the unit of mass and pound that 
of force, 1. i 

For most practical purposés the slight variations in weight due 
to differences in location may be neglected. 

Newton, dyne, poundal are absolute units for they do not change. 
But kgf, gf or Ib are not, as they depend on the value of g which is 
not constant everywhere. 

Conversion from gravitational to absolute unit. A kilogram of 
force makes a kilogram of mass move with an acceleration g (=9.8 
m/s’). Hence, to convert a force in gravitational unit into one in 
absolute unit, multiply by the appropriate value of g., Thus 


1 kg-wt or kgf=9.8 N (because g=9.8 m/s? in mks units) 

1 g-wt or gf=980 dyn (because g=980 cm/s? in cgs units) 

1 lb-wt or lb=32 poundals (because g=32 ft/s? in fps units) 

‘Where extremely high precision is needed we use the standard 

value of g, which is 980.665 cm/s? or 32.1741 ft/s? This value 
closely represents the value of g at 45° latitude and mean sea-level. 

Note from the above that if in the relation F=kma, we take k= 
g in the same system of units as m and a and put m and a equal 
to unity, then F becomes the gravitational unit of force, ie, k the 
proportionality const, is not unity, as for absolute units. 

1-3.4B. Alternative derivation of F=ma: Statement of the 
Jaw includes the expression the time rate of change of momentum 
(dp/dt) and you know that momentum (p) of a body is measured 
by the product of its mass (m) and velocity (v). Note that momen- 
tum is a vector—mass (a scalar) times the velocity vector of a 
moving particle. The second law may then be expressed as 


oP -kP gd 
r rE CA 


dy dm 

k ( mity am (13.4.4) 
When m is constant (it is not always so, as has been pointed out 
before) the second term inside the bracket vanishes and we are left 
. . k ~~ AAAA is: 
witht -Fek m (dy/dt)=Kma as (1-3.4.5) 
With suitable choice of units k becomes 1 and the magnitudes are 
related by F=ma (I-3.4.6) 
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I-3.4C, Derivation of the First law from the Second: If we 
put F=0 in equation (I-3.4.5) we have (m dv/dt) vanishing. Since 
m0 we must have dv/dt=0 or v const. Thus without an external 
force acting, the body must be moving with velocity unchanging 
both in magnitude and direction. The condition must also include 
the case of v=0 i.e. the body at rest continues to do so. 

The continuation of a moving body without changing either speed or direction 
may be more elegantly established as follows; the. velocity vector may be 
represented as 

v= |vulr 
EJA | v | represents the magnitude of velocity (the speed) and r the associated 
unit vector i.e. the direction. Then 


Par |e le] [Gree F] 


. For dv/dt to vanish, each of the terms in the bracket must separately vanish. 
Since again for a moving body, neither y nor r can- vanish we must have 
separately the result that 


os d ` 
0 and Ea 


which means that neither ry nor direction of a moving body changes if no 
resultant force acts upon it. i P 

We shall later obtain the third law from the first. So it seems 
that we could have done with the second law alone, for the first and 
third, laws can be derived as corrolaries from it. 

1-3.4D.‘“Inertial mass: From the second law of motion, mass 
comes out to be a ratio of externally applied unbalanced force (F) 
to the resultant acceleration (a) i.e.‘the ratio of cause to effect, a 
ratio of two vectors which is itself a scalar. It is so called, as mass 
is measured by inertia. 

Intertial mass shows the following three properties :— 

(i) The inertial mass of two bodies is the (algebraic) sum of the 
masses of the two. 

(ii) Inertial mass of a body does not depend on the shape or 
composition of the body. 

(iii) Chemical reaction does not changa the total mass of the 
reactants. 

To compare the masses m, andi m, of two bodies,“ we may apply 
the same force F to them and find the accelerations they acquire. 
We shall then have F=ma,=m.a, or m/m, = a,/a, The acce- 
lerations produced will be inversely. proportional.to. the masses, If 
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m=1 kg, m=a/a, kg. In I-3.4F we describe a method of so 
doing. 

Solution of problems based on the equation F=ma. 

In applying the equation F=ma, remember that 

(i) When an unbalanced force F acts on body of mass m, it 
moves with an acceleration a=F'/m. 

(ii) This acceleration is in the direction of the applied force. 

(iii) The acceleration continues so long as the force acts. 

(iv) When the force ceases to act, the acceleration also ceases. 
The body, then continues to move with the velocity, it had at the 
moment when the force stopped. 


(v) 1 dyn=1 g. cm/s) 1 N (newton)=1 kg. m/s’=10* dyn. 
(vi) In equations, unit symbols cancel like algebraic quantities. 


‘Examples 1-3.1. Sand drops vertically from a nozzle, 100 g each second 
on a conveyor belt moving horizontally at 10 cm/s. Find the force on the belt. 
Solution: The velocity of falling sand particles is zero horizontally. But the 
time rate of change of mass is 100 g/s. From equation 1-3.4.4 we deduce that the 
force in this case is 
4.19 2™ x 100-2 =1000 g-cm/s? = 1000 dyn. 
dt s s 
. Examples 1-3.2. A siring AB of length L lies on a frictionless table, It is 
pulled at A with a force F. Find the tension at a point C distant | from A, 
y {LLT, °78] 
Solution : The acceleration generated on the string as a whole is F/m. Then 
the mags of the portion AC=mx]/L. 
.*. Tensional force at C= mass of length AC (/) x acceleration ` 
‘oop attly E SFL 
Lom L 
So tension is independent of the mass of the string. 


Ex. 1-3.3., A force acts on a mass of 120 lbs for 3 s and then stops. In the 
next 3 s the body describes 108 ft. Find the force in Ibs-wt. 


[H.S. (Tripura) *80] 
So long as the force acts the body accelerates. After the force 
stops the body moves on uniformly with the velocity acquired. So 
vx3s=108 ft or v=36f'/s 
Again v=at or a=. —36 ftls _12ft 
t 3s s’ 
[ since the bory starts from rest ] 
_ +“. Acting force F =ma=120 \bx 12ft/s* = 1440 poundals 
= 1440/32 Ibs-wt =45 Ibs-wt 
Note again, mass is nowadays measured in slugs and force in lb, not Ibs-wt. 


Solution : 
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Ex. .1-3.4. How will the equation F=ma be modified if Newton is the unit of’ 
force, metric ton that of mass and km /hr. min. the unit of acceleration. 


Solution ; 1 metric ton=103 kg. So to produce on it an acceleration of 1 km/ 


hr. min. the necessary force would be 


A 10?m____10* kg-m 
10*kex aegros exe ot TOON 


.'. In F=kma we have to put F=4.63,m=1 and k=1 or k=4.63 
so that F (newtons) =4.63x m (tons) (km/hr. min). 
Problems : (1) A force acts on a body of mass 16 g for 3 s and then stops. 


In the next 3 s the body describes 81 cm. What is the force on the body ? 
(Ans. 144 dyn) [H.S. (Tripura) '82] 


(2) If the unit of mass be 1 kg, unit of length 1 decimetre and that of, time 
1 hectosecond (=100 s) in a certain system show that the unit of force is 1 dyn. 


1-345. Impulse of a force: The product of a force 
(F) and the time (f) for which it acts on a body is known as the 
impulse of the force. An impulse (J) produces a change of momen- 
tum. For 

FXt=mXaxXt=m(o—4u)=myp—mu (I-3.4.7) 

or Impulse of a force=Change of linear momentum of the body. 

A large force acting for a short time is called an impulsive force. 
Kicking a football, hitting a cricket or tennis ball, are examples of 
impulsive forces. The effect of an impulsive force is to change the 
momentum of the body on which it acts. If the body was at rest, 
it starts with a velocity because of it. The velocity will be greater 
the longer the force acts on the body. Hence a kick to a football 
will be more effective if the foot follows through, i.e., maintains a 
longer contact with the ball. So also for a bat hitting a ball, the 
‘follow-through’. i 

Unit. Unit of impulse is that of momentum. i.e., g cm/s. or 
kg-m/s or again dyn-s or N-s which is 10° times the former. 

Now, an impulse is denoted by J and linear momentum by p. 
So the relation between them is given by J=pt. From the state- 
ment of the 2nd law we have seen already that F=dp/dt. 

Graphical representation of Impulse. Since force and the time 
of its application are involved in impulse we may plot relations 
among them. In fig. I-3.8 the straight line (a) AB parallel to t-axis 
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shows their relation when the force is const and the curved line (b) 
when the force is variable. As 
impulse is the product of F and 
t, the area between the curve and 
the two axes gives the measure 
of impulse. We have already 
graphically found the distance 
(s) covered for a moving body in 
fig. I-2.14, in the same way. 
For a variable force, we 
6 at co t+ break up the time-interval in 
Fig. 13.8 very small bits dt and find the 
area under the curve, shown 
th shaded and add up all of 
them [the method is that of finding a definite integral: see 
fig 0-2.8 ]. During each small bit of time however the force is 
taken to remain constant. Thus we find that the magnitude of the 
variable impulse is 


J= \r.ar—(4P. dt= \ dp = my — mu (I-3.4.8) 
o 


where mv is the final and mu the initial momentum. 


Vector Representation of momentum and its change. The 
situation is illustrated in fig. 


1-3.9 where pq represents initial % 
momentum both in magnitude AS 
and direction. A force F now K 


acts on the body for a time 
interval ¢ bringing about a 
change in momentum along its 
own direction, during that inter- 
val represented in magnitude Aib Betag 

and direction by qr. Vector qr then gives the impulse of the force 
and pr the final momentum. 


Ballistics. This is the branch of dynamics dealing with the 


Initial momentum 


2 “Impulse Jy is said to be the time-integral of force fot you are summing up 
time-intervals. “ Later (1-8:1) we shall see work is Space-integral of force, 
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motion of a body under an impulsive—a very large—force acting 
for a very short time e.g. a kick on a football, a powerful smash in 
tennis or badminton, a firm hit on a cricket ball, firing a rifle, canon 
or an ICBM. A force changes the (i) position and (ij) momentum 
of a body and that, only so long as it acts. For an impulsive force, 
it is assumed that the body changes only momentum, not position, 
the time-interval being so very small. The effect of an impulsive 
force is thus a sudden change in a very short time. The subsequent 
motion of the body belongs to ballistics. 

The expression 1-3.4.8 is said to be Jmpulse-Momentum 
theorem. 


Ex. 1-3.5. A force of 20 dynes acts on a body of mass 5 g initially at rest 
What ‘is the acceleration produced? If the force ceases to act after 5 seconds 
how will the body move? 


Solution: From the relation that acceleration=force-mass, we ‘have 
a=20 dyn/5 g=20 g cm/s*+5 g=4 cm/s? 

As the force acts for 5 seconds, the increase in velocity in this interval is 
4 cm/s?x5 s=20 cm/s. Since the body was at rest initially, this is the velocity 
when the force ceases to act. By Newton’s first law of motion, the body will 
continue to move with this constant velocity after the force ceases. The motion 
is in the direction in which the force acted. 


Ex. 1-3.6. Under action of a force a body of mass 10 g moved 40 cm from. 
rest in 4 seconds, What is the magnitude of the force? If the force. acts 
altogether for 5 seconds, how far will the body move in 3 seconds after the force 
has ceased to act? f 


Solution. Here u=0, s=40 em, ¢=4s, To find the force we must find the 

acceleration. From the relation s=ut+ja®, we get 
40 cm=4 ax(4s or a= 5 cm/s*. 

Since the force produces this acceleration on a mass 10 g, 

the force=10 gx5 cm/s?=50 g em/s?=50 dyn. 

The velocity acquired comes from the relation y=u+at. Since u=0, we 
have y=5 cm/s?x5s=25 cm/s. This is the velocity of the body when the force 
stops. The body travels on with this constant velocity thereafter, and in the 
next 3 seconds covers 25 cm/sX3s=75 cm. 


Ex. 1-3.7. 4 football player takes a spot kick as a result of which the ball 
moves with a speed of 10 mjs. If the ball weighs 350 g and its time of contact 
with the foot during the kick is 0.1 second, what is the force applied? 


Solution. In the relation Ft=m(v—u) we have u=0, m=350 g. v=1000 cm/s. 


i 350g x 1000 cm/s _ 3. e a 
a Heats 3°5x 10° dyn=35N. 
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Ex, 1-3.8. You throw a stone weighing 60 g vertically upward. It reaches the 
top of a three-storeyed building which is 10 m high. If in throwing the stone you 
swung it for 0.2 second, what force did you apply on it? (g—9.8 m/s). 

(Note that the values are in mixed units. Convert all of tnem into the same 
system, cgs or mks.) 

Solution. Wt is an impulsive force. {f it started upward with a velocity u, then 
from the relation H=u?/2g, we get u2=2gH=2x9.8 m/s?x 10 m or u=14 m/s. Hence 
the momentum imparted was 0.06 kgx14 m/s=0.84 kg m/s. This momentum was 
imparted in 0.2 s. Hence force (or rate of change of momentum)=0.84 kg 
m/s-0.2s=4.2 N. Try working out in cgs units. 

Ex. 1-3.9. A pile-driver (called a ‘monkey') weighing 400 lb. falls from a 
height of 16 ft and comes to rest in 0.2 sec after striking the pile. What is the force 
exerted on the pile? 


Solution. The velocity acquired by the fall is obtainable from the relation 
w =gh, With g=32 ft/s? and h=16 ft, we get w =32 ft/s. The momentum of 
the pile-driver is 400x32 Ib ft/s, The force=momentum = time=(400x32--0.2) 
poundals=64,000 poundals-—2000 Ib-wt. 

(This is the force of the blow. The total force on the pile wil be this plus the 
weight of the pile driver, ic. 2400 Ib-wt.) 

[In the above problem read 400 kg for 400lb, 5 m for 16 ft, and work out the 
force, g=9.8 m/s*.] 


Ex. 13.10. A cricket ball of mass 150 g moving at 12 m/s reverses direction 
after hitting a bat, with a velocity of 20 m/s, the contact lasting for O.ls. Find 
the average force. [LLT '74] 

Solution, Change in momentum P.—P, =150g (12—(—20)} m/s 

Š =480 x 10* g.cm/s 
Average forcc=(p, =p, )lt=480x10° gm-cm/s +q $ 
x =480 N=5 kgf. 
Ex. 13.11. A horizontal jet of water 5 cm in diameter with ‘a speed of 10 m/s 


hits a vertical wall and then spills down the wall. 


l Find the average force exerted 
if density of water is 1000 kg/m’ 


Solution, . The mass of water falling per sec on the wall horizontally is 
Vosuxar? x p=10 mjs xe x (295) m? x 1000 kg/m" 


= 10% (25/4) x 10-* x 3.14 x 1000 kg/s 
Its forward momentum per sec normal to the wall=mv=22 x 3.14 x 10 
kg-m/s* and backward momentum is zero as water descends v; 
«'« Average force= 196.25 N. 


Problem. A brickbat weighing 5 kg moving with a velocity of 6 km/hr- hits 


your head. The time of contact is 5 milliseconds. Find approximately in kgf the 
force exerted, 


[4ns: About 170 kgf. (It makts a painful bump)} 


ertically 
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1-3.4F. Inertial, Impulsive or Dynamical method of Comparing 
Masses: This gives us a method of measuring mass of a body if 
a standard mass is available. ( 

We measure the mass of a body by (i) finding its weight with 
a spring balance and then by dividing that by g or by (ii) com- 
paring it with the weight of another standard mass in a common 
balance. The mass we find thus, is said to be gravitational ; for the 
force of gravity pulls it downwards and the pull is balanced in 
both the balances; the determination is thus a static method, It 
is widely used, for it is quite is simple to carry out; but it cannot be 
universal, for in an orbiting satellite, in a freely falling system, far 
out in space, bodies become weightless. Still these bodies have 
mass. That can be measured only by inertial i.e. dynamical 
method.* per 

In fig. J-3.10, is shown a Fletcher’s trolly. On the heavy 
horizontal metal base plate run a pair of smooth rails along which 
may roll a pair of identical toy carriages or trolleys ; they are 
stopped at the ends by a pair of buffers. Trolleys carry a pair of 
equally strong magnets (NS) as shown and held bound close to each 


; Fig. 1-3,10 
other by a piece of cord, about the middle of the bed. One of the 
trolleys is made heavier by placing a heavy mass (W) on it. If the 
connecting thread is suddenly cut or burnt, the magnetic repulsion 
sets the cars moving simultaneously in opposite directions till stopped 
by the buffers. The forces being impulsive (i.e. very short and 
sudden) we may take the cars to be moving with constant velocities 
over the small distances involved. By trial and error the position of 
the cars are adjusted till they hit the buffers simultaneously after 


release. 
Let M be the mass of each trolley so that the heavier one has 


*It is a very fortunate coincidence that inertial and gravitational mass of a 
body is totally equivalent. Newton experimentally proved it to be so (Refer to 
Il-1.4). ‘There appears no logical explanation for the coincidence to hold ; serious 
difficulties would have arisen had it not been so. 
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a mass of M+W: Since the same force acting for the same time 
interval pushes them apart their momentum must be the same ie, 
Mv,=(M+W) va They travel. over different distances X, and 
X, for the same time. So ) 
M+W_w,_X,/t_X, 
7 “M79, Xt Xs 
lf we know M and obtain X, and X: from the experiment, W 
comes out. 
We need not know M if we want to compare two masses m 
and m’, We then carry out two experiments by putting them 
. Separately on one trolley and carrying out the above experiments. 


13,5. Reference Frames and Newton's Laws. 


Newton's first two laws, remember, are valid only in inertial frames, Let us 
n take a simple example ; a ball lies on the floor of a Stationary carriage ; let it 


id in such a frame, As the first law is 
but a special case of the’ second, the latter is also not valid in an accelerated frame, 
But a slight modification validates this lawi in such a frame. Instead of F = ma 
we use F—F’ ma and the behaviour becomes explicable. A- fictitious or a 
pseudo-force F” comes in Operation, opposite in direction to the acceleration of the 


frame, Since We cannot find any agent applying this force we call it a fitions 
or pseudo-force, 4 


interpreted as an apparent failure of Newton's 
laws of motion in a non-inertial frame, 


1-3.6. Principle of Independence of Forces ; 

An unbalanced force produces accelerated’ motion. Several such, 
may act on a particle simultaneously. The motion is determined 
by the resultant. As we have noticed in 1-28 this is governed 
by the universal principle named above. It states that 
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if a number of forces act simultaneously on a particle at rest or 
in motion, their combined effect on the sysiem is found by consider- 
ing the efject of each force as if the other did not exist and then 
adding up these efjects by parallelogram, triangle or polygon law of 
addiuon of vectors.. Basically all these laws are the same. This is 
onty a special case of Principle of Independence of vectors. 

Similarly, a motion whether uniform or accelerated is a vector and 
hence toliows (his principle of independence. We have already learnt 
two examples (1) A horizontally flying plane dropping a bomb, a 
mailbag or tood packets and (2) A circus pertormer jumping up 
from a slow-cantering horse and landing back on it. 

‘The following examples also illustrate the physical independence 
of motion, one not being affected by the other. 

Refer to fig. 1-3.4. The plane has dropped a load at a height 
of 1024 ft when vertically above the point O. The load has 
simultaneously two motions (1) a uniform speed of 220 ft/s hori- 
zontally as the plane itself and (2) an accelerated vertical fall under 
gravity. Observe that when the load reaches the target the plane is 
directly overhead i.e. the load has covered the same horizontal distance 
as the planc, all the time falling vertically. | Hence’ its horizontal 
motion a uniform velocity, has not been affected by its accelerated 
vertical fall. Had a stationary balloon directly. overhead of O dropped 
a load from the same height and simultaneously with that from the 
plane both of the loads would reach the ground, at the same time. 

‘The apparatus in fig 13.11 b 


from the ball B 


z 
g 
È 
Qa 


Fig. 13.11 
and 
knocking B horizontally forward. Both the balls reach the ground together. 


The Monkey and Hunter Experiment (fig. 1-3.12). in a 
favourite lecture demonstration a foy gun (A) is sighted at an 
elevated target, a toy monkey (M) ona toy tree. The monkey is 


> 
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released by a trip mechanism, the instant of the gun is fired. No 
matter what the initial speed of the bullet is, it will always hit the 
falling monkey. 


‘ Fig. 1-3.12 

The explanation is simple. Had there been no gravity, the 
bullet will travel straight along AM to hit the monkey for then it 
will not fall. Gravity causes each to accelerate downwards at the 
same rate from the position it would otherwise have. In time t 
the monkey falls through 4 gt ie. MC, the bullet does the same, 
it describes the path ABC and hits the monkey. During each frac- 
tion of a second indicated by t=1, 2, 3, 4 both fall the same dis- 
tance from their gravity-free Positions. Had the bullet moved faster 
it would have reached the line of fall higher but quicker ; but during 
this shorter time the monkey would have fallen less and so would get 
hit. Had the bullet moved slower it would hit the monkey lower 
down than C by the same arguments. 

More examples : (1) In problems about crossing a river by a 
boat, you have already worked with two motions, that of the boat 
and that of the river at right angles to each other ; they occur 
independently of each other.. The same happens to the. plane flying 
across a gale. 

(2) Marksmen shooting flying birds point their guns ahead of 
the bird to allow for its horizontal displacement during the flight of 
the bullet. If the marksman be galloping on a horse with the bird 
sitting overhead, he must. aim behind the bird to allow for. the 
forward motion of the bullet, sharing his own motion. 
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(3) The case of the boy throwing up a ball vertically when 
running forward uniformly and recovering it ahead, illustrates the 
independence of forward uniform motion and vertical declerated 
motion followed by ‘equally accelerated motion of the same ball. 

(4) The dropping of a coin from a running car and its path 
observed by a stationary observer is the same as the load dropped 
from a plane. If the height descended be h and the time of fall 
t, then we have h=+} gf, The horizontal distance covered by the 
car (or the plane) during that time is s=vt. Eliminating ¢ between 
the two we get the equation of a parabola. 


s=% pull, (I-3.6.1) 


[ Compare x? =ky. vand g are constants ] 
We get here half a parabola with a vertical axis. If therefore a 
projectile is fired from 
the ground at an angle 
6’ with the ground, it 
will describe a full 
parabola before return- 
ing to the ground as 


shown in fig. I-3.13. All jg r= (u?/a)sinto 
projectiles, from a kick- 3 

Fig. 1-3.13 
ed football to an ICBM a 


going from one continent to another, would follow a parabola, had 
air-resistance been absent. ‘ 

So you see that we can explain one and the same phenomenon, 
say the load dropped from a flying plane, or the motion of a ball 
thrown up in a uniformly moving railway carriage from three view- 
points namely, (1) physical independence of motion, (2) inertia of 
motion, (3) inertial frames of reference in motion. 

13.7. Composition and Resolution of forces : A. Composition : 

As indicated above, composition of forces follow from physical 
independence of more than one force acting together on a single 
body ; and as for velocities, obey the same laws of parallelogram or 
triangle or polygon. The parallelogram law of forces can be 


Stated as 3 
If two forces acting simultaneously on a particle- be represented 
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in magnitude and direction by two adjacent sides of a parallelo: ` 
gram, then they are equivalent to a single force represented in 
magnitude and direction by the diagonal of the parallelogram 
through the point. The magnitude and direction are given by 
 R?=P24+02+2P0 cosa 
Qsin« 
P+Qcos« 

Illustrations: (1) Verification of the parallelogram law of 
forees—Fig I-3.14 shows three cords tied together at a point and 
loaded at their free 
ends by weights W, 
Wa Ws; the cords of 
first two pass smoothly 
over pulleys, P, and Ps, 
all the loads hanging 
vertically against a 
board. When the cords 
come to equilibrium 
their traces are care- 
fully drawn on the 
board, 


Fig.. 1-3.14 From them, lengths 
AB and AC proportional respectively to forces W, and W, are cut off, 
the parallelogram ABCO completed and the diagonal AO is drawn. 
Length AO will be found proportional to W; and passing through 
A vertically. The point A being vertically above W, it follows that 
the load W, balances the resultant of the loads W, and Wa. 

(2) Flinging a stone with 
a catapult (Fig. I-3.15):—The 
boy has put a stone in his cata- 
pult and is pulling back the 
elastic backwards. A sort of 
V results with forces P and Q 
acting along the two arms. 
When released the stone moves 
along the direction of the 


` and 4=tan-? 


Fig. 1-3.15 
resultant R, but not along any of the directions, 


/ 
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_ (3) Towing a boat with two ropes: In a canal where rowing 


becomes difficult a boat may be towed forward as shown in fig. I-3.16 
by a pair of men pulling equally with two ropes and moving 


Fig. 1-3.16 
along the banks. If their pulls are represented by two 
vectors along OA and OB the boat moves forward along the force 
vector OC, 


Problems. (/) A boat is towed by two ropes, each inclined at 30° to the 
stream, but on opposite sides of it. If the pull along each rope is 50 kgf’ Gnd 
the magnitude and direction of the resultant force, [Ans: R=86.6 kgf; @=30°.1 

(2) Forces 3 gf and 4 gf act at a point, Find the angle between their lines 
of action if they have a resultant of (i) 7 sf, (ii) 6gf, (iii) Sef, (iv) 4 8f, 
(v) 1 gf. [ Ans. (i) 0°, (iip 62°42’, (iii) 90°, (iv) 131°48’, (v) 180°] 


(4) Soaring of a bird (fig. I-3.17): A bird in flight flaps its 
wings against air which reacts in opposite directions by Newton's 3rd 


Fig. 1-10.17 


law. If the wings flap along DO and EO, air reactions will act along 
OD and OE, Proportional length OA and OB represent them in 


88 ý MECHANICS 


magnitude and direction. Their resultant OC. makes the bird soar 
up when it exceeds the weight of the bird or fly forward as and when 
required. À 
B. Resolution of Forces: The subject-matter is identica! with - 
§1-2.9. The resolved part of 
aforce isits effective part 
in this direction of motion. 
It may be understood with — 
the help of the following 
example. Suppose O re- 
presents a carriage stand- l 
ing on rails parallel to OX (fig. I-3.18); and is being pulled along 
OC with a force R. R is equivalent to P along OX and Q along OY. 
The action of Q cannot displace the carriage along the rails. 
. The motion of the carriage along the rails is therfore deter- 
mined entirely by the resolved part (P) of R along the rails. 

Problems, (1) A railway truck is pulled along level rails by a horse pulling a i 
rape with a force of 500 kgf in a direction making an angle of 30° with the 
rails. What is the force pulling the truck along the rails? What is the force 
pulling it sideways against the rails ? (Ans. 433 kgf ; 250 kgf.] 

Note that a boat may be similarly towed by a single rope instead of two as 
shown in fig. I-3.16. The resolved part of the pull will tow the boat downstream: 

@) A gale forces a mooring cable of a captive balloon to an angle of 30° 
with the yertical. The tension in the cable is found to be 50 kgf. Find (a) the 
horizontal force exerted by the wind and (b) the net up-thrust on the balloon. 
[Ans. (a) 25 kgf; (6) 25/3 kgf] 

Further Examples: To ntove a heavy box along the floor, generally a rope is 
tied to one end of it and pulled in an inclined direction (Fig. I-3.19), The upward 
vertical component somewhat lightenes the weight while the horizontal component 
F cos @ pulls it forward, Note that greater the inclination with the ground smaller 
the effective pulling component. Variants of this you must have seen in plenty. 


Fig. 1-3.18 


Fig. 1-3.19 


Instead of pulling, if you push the box in an inclined direction the vertical — 
component acts downwards adding effectively to its weight and friction. That is 


. 
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why one feels it easier to pull a heavy roller on the cricket pitch than pushing it. 
[Sec 1-4.7., fig. 1-4.6] 

Flying a kite as well as a plane or navigating a sail boat, all utilise suitable 
components -of air, pressure exerted on the kite, wings of a plane or the sail of 
a boat, ‘Try to think up. other examples—there are lots of them around you. 

When A number of forces act simultaneously on a particle we may resolve 
each of them separately in perpendicular directions, add up the components and 
finally compound the results as in fig. 1-2.16. dii TS 
L Ex. 13.12. In fig. I-2.16, let F, =60 gf, F,=100 gf, F,=75 gf, 0,=60°, 
0,=135°. Resolving along F, and perpendicular thereto, we shall have 6, =0°, 
or F, cos 0, =F. The calculations may be tabulated as follows : 


ri Angle (0) x-component y-component 
ing =F cos 0 (gf) =F sin 0(gf) 
F,= 60 

F,=100 

F,= 15 


R= VOT FOFIN Bt = 66 Bf. 
30:588 or «=304". 


Problems. (1) Two equal forces, inclined at 60°, act on a particle, Resolve 
the forces along the bisector of the included angle and perpendicular thereto, 
Hence find the magnitude and direction of the resultant, [Ans. V3 times tho 
magnitude of cither force ; along the bisector of the included angle.] 

(2) Three coplanar forces 1, 2 and 3 gf respectively act at a point. The 
angle between the first and the second is 60° ; the angle between the second and 
the third is 30° ; and the angle between the first and the third is 90°. Find the 
magnitude of the resultant and the angle it makes with the first force. 

[Ans. 5.14gf, making an angle of 67°5' with the first force] 


1-3.8. Projectiles : Whenever a body is projected i.e. thrown 
at an angle to the horizontal it is said to be a projectile and its motion 
provides a very important case of resolution of motion. When a 
footballer takes a spot kick, a canon fires a shell (fig. I-3.13) or a 
superpower releases an ICBM, the moving bodies are projectiles. 
They are activated by impulsive forces (large forces of very short 
duration) which are supposed to have stopped before the affected 
bodies have appreciably moved. The body then moves on with 
constant speed and "in absence of air resistance, along a parabolic 


path, as already established. 
9 
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“In fig. I-3.13 Jet the shell be fired with an initial velocity u at an 
angle @ to the horizontal or x-axis. u is therefore equivalent to 
u cos @ along the x-axis and u sin @ along the vertical or y-axis. 
Replacing u by u sin 6 im the equations for the: vertical upward 
motion we find that the maximum, height H (=Y maz) attained by 
the shell and the time taken for so doing would be 

H=4Wu sin’9/g and T=u sin 6/g (1-3.8.1 and 2) 
Now then’the time for the shell to attain the maximum height and 
then to return to the earth must be 27. During this interval the 
shell would be moving with a constant forward velocity u cos 0 so 
covering a distance, 
x=u cos 0.2T=u cos 0.2u sin 6/g 


This distance is called the range (R) of the canon. So 

R=u® sin 26/¢ 
This has a maximum value for the given canon when sin 20=7/2 
or 0=45°. 


Ex. 13.13. An obstacle 19.6 m from an observer is 14.7 m high. He pro- 
jects a body with an initial velocity of 19.6 mjs so that it just passes over the 
obstacle. Find the angle of projection. Neglect air friction and take g= 
9.8 mls”. [J. E. E. 780] 

Ans, In absence of air resistance the Projectile follows a parabolic path 
of which 14.7 m represents the highest point ; so from the relation 

Ypag = Hsin’ 
man a Tacs we get 


14:7- (19.6)? sino — (14.7298 )*_ 3 â 
Dag Or sine (iakoe) T Or 000 


Pei, A shot after leaving a gun just passes over a wall 64 ft high and 
jj- N horizontally. Find the velocity and direction of the shot. [U.P.B.] 
= s7. 


(Ans. u=32y 13 fi/s ; tan 0=2]3 ) 


third law introduces the body (or 


The terms action and reaction are Simply other names for forces. 
If a body A applies a force on another body B, which, we call the 
Action, then, accodring to the third law, the. body B will apply an 
equal and opposite force on A, which is called the reaction. The 


law thus states that in nature forces always oceur in pairs. and that 


agency) which exerts the force. 
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each force of the pair acts on a different body. Whether the bodies 
are’ at rest or in motion, touch each other or are separated by a 
distance (as for two magnets), the law is of universal application. 


(1) Consider a book lying on a table. The weight of the book 
exerts a downward force on the table. According to the third law, 
the table will exert an equal and opposite force-on the book. If the 
former force is called the action, the latter force is the reaction. Note 
that reaction lasts only so long as the action is there. Besides, 
action and reaction act on two different bodies, and cannot, there- 
fore, produce equilibrium. For equilibrium the forces on one and 
the same body must be balanced. 

(2) When a ladder leans against a wall it presses upon the wall. 
This pressure, here called the action, tends to overturn the wall. 
The counter-thrust exerted by the wall on the ladder is the reaction. 
Tt keeps the ladder in position. 

Observe that in both the examples we consider the two interact- 
ing bodies (the book and the table, the ladder and the wall) only, 
as if nothing else exists and no other force by any agent acts on 
any of them; e.g. air pressure exists on each but we disergard it. A 
moving carrom striker hits a dice and both move off in different 
directions; in considering their interaction we likewise disregard 
friction and air pressure. Hence the pair of interacting bodies form _ 
an isolated system and no external force acts upon it. 

Remember then, when two bodies A and B interact 

(1) They may do so either by contact or from a distance, 

(2) The pair of forces are said to be action and reaction. 

(3) The forces are perfectly reciprocal i. e. equal and opposite, 

Fyn=-Foa 

(4) Either of them may be the action, the other one then the reaction. 

(5) Action and reaction act always on two different bodies, never on the 

same. No question of equilibrium therefore arises. 

(6) Equality of action and reaction holds whether the bodies are at rest 

or in motion, in an isolated system. 

(1) They arise simultaneously and hence bear no cause and effect relation 

to each other, 

(8) Reaction lasts so long as action does. 


Isolating a body: Let a block hang by a cord as shown in 
fig. (1-3.20). The block pulls the cord down with a force 


b 
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F; (say) while the cord pulls the block upwards with equal reaction — 


force F. The block then remains at rest. To consider the prob- 
lem, the body is isolated by drawing a dotted line around it. Only 


` MOTION REST 


EARTH 


Fig. 1-3.20 


those forces acting on it from outside this boundary, determine its 
state of rest or motion. Fø is the force with which the earth attracts 
the block while the cord is pulling it up with an equal but opposite 
force F (Note that Fg and F are not an action and reaction pair though 
equal.and opposite). Vectors add up to a null result and the block 
is at rest. When Fy>F, the string will snap under a downward 


resultant vector (Fg —F). 


139A. Demonstration Experiments: (1) The hook of a stout 
- œ spring balance is attached to another and the pair hung from a rigid 


support as shown in fig. I-3.21. Now pull the 
lower one and notice that both the balances showing 
the same reading: This means that the force with 
which the lower spring pulls the upper one down- 
wards is the same with which the upper one pulls 
the lower one upwards. 

The same reading will be given by both the 
spring balances if you take the above pair in your 
two hands and pull them apart. Now. this result 
elucidates the following case—that of a tension 
transmitted through a rope. * ` ; 

Consider a rope tied to a tree and a man pull- 
ing at its other end. The force exerted by the man 


ön the rope is the’ action. The reaction is the equal ~ 
7 A; T ee 
and opposite force exerted by the rope on the man. 


Fig: 1-3.21 
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The force exerted by the man on the’ rope is transmitted through 
the rope to the tree. The rope thus exerts an action on the tree. 
The tree exerts an equal and opposite reaction on the rope. The 
rope is in equilibrium under the action of the pulls exerted on it by 
the man and the tree. 

[In this example the: rope transmits two forces through it—one 
exerted by the man which acts through the rope onthe tree, and 
the other, the reaction to this force which is exerted by the tree on 
the man. The rope is stretched and is said to be in ‘a state of 
tension’. Either force transmitted through the rope is called a tension. 
This would show that when two men pull at two ends of a string, 
each with a force of 20 kg, the tension in the string is still 20 kgf 
and not 40 kgf] 


Problems. (1) One end of a string is tied to a fixed post. Two boys pull the 
string at two places, each with a force of 20 kg-wt. What is the tension in the string 
(a) between the post and the first boy, (b) between the two boys ? 

[Ans : (a) 40 kgf, (6) 20 kgf] Yi 
(2) Ina tug-of-war each team pulls with a force of 100 kgf. If a spring 
balance is inseried in the string between the teams what will it read ? (100 kgf) 


(2) A small electric toy railway engine is mounted as shown in 
fig. 1-3.22 on a track provided by a horizontally mounted. bicycle 
wheel ; the wheel is free to move about its vertical axle. You notice 
that as the engine moves, the wheel starts rotating backwards. The ~ 
spinning wheels of the engine pushes on the track backwards and 
the track pushes them forwards equally, the two forming an action- 
reaction pair. If friction be very small, the engine and the track 
will be moving uniformly 
but oppositely for quite 
some time after the electri- 
city is disconnected, as no 
resultant force acts on the 
engine-track system. 

In a circus you may have 
observed a baby-elephant 
on a yery large sphere per- Fig. 13.22 
forming as above. À j 

(3) Barker’s mill (chap. IT-4) is a tall cylinder with a few L-shaped 
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horizontal nozzles fixed horizontally near its bottom ; the cylinder can 
rotate freely about its axis. It is filled with water keeping the nozzles 
closed by fingers. When they are opened water rushes out through 
the nozzles and the cylinder begins rotating by reaction to. the water | 
pressure in the opposite direction. The rotary lawn sprinkler is only 
an adaptation for practical application; water escaping from the 
nozzles sets up backward rotation of the container thus sprinkling 
water uniformly over a large circle. 


1-3.98. A few Apparent Anomalies and their clarifications: 
(1) A falling apple— 

It is said that at 23 years Newton started thinking about Gravita- 
tion by observing a ripe apple falling from a tree. Now, the third 
law poses the apparent anomaly—why the apple falls and not the 
earth moves up if the forces between them are equal but opposite ? 

The explanation lies in the vast disparity between the masses of 
the earth and the apple. From the second law of Newton 

Fy,=m,g and F,,=M,a 
Since Fy,= Fy, We have m,g=M,a ~. a/g=m,/M, 


As the earth-mass My is so much greater than the mass of the 
apple m,, the acceleration of the earth a is so much smaller to- 
t wards the apple than g, than that of the apple towards the earth. 
When a person jumps ashore from a country boat the latter is 
visibly pushed back but not so when he jumps out from an ocean 
liner. The mass of the boat is comparable to that of the man but 
that of the liner is so much greater. Hence the difference. 


(2) Moon attracted. by the Earth stays up: Both the apple 
and the moon are subject to gravity; but it is the apple that falls 
to the earth but not the moon ; why ? 

Because the moon moves uniformly round the earth. You will 
learn in Chap I-5 that a centrifugal force acts on the circling moon 
away from the earth which just balances the pull of the earth. The 
same happens to all our artificial moons. Stop them in their tracks 
and all of them would fall to the earth just as the apple does. 

Remember that the point to be strongly emphasized in dealing 
with the third law is that action and reaction are exerted on different 
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bodies. So the question of their producing equilibrium does not arise. . 
Equilibrium of a body is determined by the forces acting on the body. 
Any force the ‘body itself exerts on any other body or bodies does ` 
not come in the picture. y 

~ (3) Horse‘ puling a cart and a Rickshaw-puller pulling his 
yehicle: The horse pulls the cart forward through the traces that 
binds him to the latter. By Newton’s 3rd law the cart pulls him 
backward equally through the same traces. How then does the 
cart advance ? How does the rickshaw move when pulled ? 

Because, the pull and the equal counter-pull between the respec- 

tive units are not the only active forces ; there arise other unequal 
forces which start and accelerate the system. They are shown in 


fig. I-3.23(a) and (b). 


bia, 


Fig. 13.2300) 


We must isolate and specify the forces acting on the pulled (the 
cart or the vehicle) and the puller (the horse or the man). 

(a) The forces acting on the cart (fig, 1-3.23a) or the rickshaw 
(fig. 1-3.23b) are two in) number. $ 

(i) the tension: applied by the puller through the traces or the 
handle acting in the forward direction and 

(i) the frictional forces acting backwards at the wheels opposing 


the motion. 


5 


(b) The forces exerted on the horse or the puller are also two 


a 
(i) the reaction force of tension P acting through the traces 
applied by the cart or the vehicle backwards and i 


(ii) horizontal forward component H (=R sin 0 ) in “both cases, 
H is the compo- 
nent of the rea 
tion R of the 
ground to the 
pressure applied 
by the horse or 
the man. Either 
of the pullers 
press the ground 
with his foot in 
an inclined direc- 
tion which brings” 

Fig. 1-3.23(b) out an equal and- 
opposite reaction R. Its horizontal component in the forward direc- 
tion is H. Only when H> f or F, (the friction) would the cart 
or the vehicle roll forward. 


The reaction exerted by the cart or the yehicle merely retards 
the motion of the horse or the man. The action exerted by. the 
latter on the earth helps to accelerate the system forwards provided 
H> f, or F. i 

The force diagram is in the lower part of the first diagram. The 
horse presses the ground obliquely along 0,4, and its reaction acts 
along 40; The muscular action of the horse in its legs while 
pressing the ground along o,a, provides the action bringing about the 
reaction R along ao, ; its horizontal backward component at the 
Start, must be balanced by the frictional force represented by oif 
offered by the ground so that the horse does not slip. When the 
cart starts moving forward, the frictional force f switches over 
backwards as the horizontal forward component exceeds it. 


[ Remember friction always opposes any tendency to motion whatever 
be the direction ]. 
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Problem: Both statements are true—() In a tug-of-war botn parties must pull 
equally on the rope 5 (ii) The party that pushes the ground harder wins. Justify. 
[ J. E. E.] 


(4) Walking. Before a man starts to walk he stands erect and 
lifts one leg. His weight is supported by the vertical reaction of the 
ground. As his leg muscles 

+ bend his other leg, he leans 
forward and at the same time 
pushes forward his other leg. 
A large number of leg and 
body muscles take part in this 
action (which is too complicat- 
ed to discuss), But in this 
position the point of applica- 
tion of the reaction of ‘the 
ground on him moves forward 
(and the heel may be raised). Ae 3 
The reaction increases in , Fig. 1-3.24 
magnitude than before and is directed up the inclined leg in touch 
with the ground. The vertical component of this reaction supports 
the man’s weight. The horizontal component prevents the man from 
slipping. % 

i the frictional force between the foot and the ground in the 
forward: direction does not balance the backward component (Q) of 
his pressure P on the ground, he will slip and fall forward on his 
face.’ We shall return to this discussion in the next chapter. 


(5) Braking an Automobile to Rest; We cannot start or stop 
a car by pressing from inside it. For then the force applied is inter- 
nal and not external. Newton’s ist law prohibits any change in motion 
unless a force is applied from outside. How then a bus or a car 
is stopped by the driver who is inside the car? 

When you have a clear idea of friction (Chap 1-4) and moment of 
a force (Chap I-6) later, you would appreciate the solution provided. 
All auto-cars like buses, trams, railway engines or.motor cars, roll 
forward on wheels which revolve or rotate. Rotation is produced by 
a couple, ie. a pair of equal unlike forces acting at two different 
points of a finite body (not a particle ; why not ?). The moment of 
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the couple (by which its ability to generate rotation is measured) is 
a vector product of any of the forces and the perpendicular separation 
of their points of application. 


The wheels in rotation are under a couple. When the driver 
brakes, an opposing couple tending to decelerate the wheels, act on 
them. But then if the linear motion is not decelerated at the same 
time, the wheels continue skidding i.e. slipping on the road surface ; 
this often, happens when the roads are snow-bound, wet or slushy. 
Ordinarily friction of the road-surface opposes skidding or forward 
motion. So finally the friction between the road surface and the 
tyres is the external force that stops the braked automobiles. 


1-3.9C. Further Iliustrations of ihe Thrid Law: Examples from 
daily life is legion. Try to kick open a tightly shut door. As it 
flies open your feet decelerates and if your foot is bare you will 
realise the magnitude of the reaction. Like a karate-master try to 
split open a brick with your palm, or just box a wall—you will be 
convinced of the accuracy of the third law. Try to hit over the head 
of a fast bowler in cricket; if you don’t have your timing proper, 
you may find your bat knocked out of your hand. Fire a rifle with 
the butt loosely held to your body; you may find yourself knocked 
flat on your back. Jump ashore from a country-boat, the boat moves 
back ; but during jumping make sure that the agent supplying the 
reaction is appropriate. Jumping down from a moving swing or 
run on and jump from sand or thick mud (for high jump or broad 
jump) is not advisable for you don’t get the appropriate reaction. 


When a gun is fired the explosion of the gun-powder or the strike 
of the hammer propels the bullet forward and the gun recoils by 
reaction. Canons used to be mounted on wheeled platforms so that 
after firing the shell it could safely recoil. You might see pom-pom 
guns firing upwards, telescoping back into slightly wider barrels. 
When a rocket is fired either in amusement or as a missile or space- 
shot, the burning gases come out with great momentum downwards 
and by reaction the rocket soars upwards. 


We have learnt above how reactions of the ground enable the 
horse to pull the cart or the rickshaw-puller pull his vehicle or the 
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groundsman the heavy roller on the cricket ground, or you to walk 
or a party to win | 
a tug-of war match. 
In all these cases we 
find also- illustra- 
tions of resolution 
of forces. A very 
similar case ‘is that 
of starting a coun- 
try-boat. The boat- 
man pushes obli- 
quely (fig. ]-3.25) 
through a pole on 
the river-bed, the Ground reaction 

forward component Fig, 1-3.25 

of the reaction puts the boat moving. 

Put a strong magnet near an iron piece. If you hold down the 
magnet the iron piece moves towards it; hold down the iron piece, 
the magnet would move towards it. The mutual attraction is an 
action and re-action pair. 

The list of examples cannot be exhaustive. 


1-3.10. Different kinds of Action and Reaction : 


(i) Tension or Pull: It has already been discussed above. 
The role it plays in the horse and cart problem or in supporting a 
hanging load we have seen. Presently we shall enquire into its role 
in the motion of a connected system. A 

. In a tug-of-war match tension generated by cither of the teams 
through the rope must be equal and opposite. But the members of 
the team that presses the ground more, wins the macth. (Why?) 

This type of action-reaction pair tends either to bring the two 
interacting bodies nearer or to prevent them from moving away 
from each other. Such forces act through either a flexible medium 
like springs or strings (the traces in the cart and ‘the horse problem) 
or through solids (the Jong handle of the rickshaw). 

(2) Push and thrust : This action-reaction pair is opposite to 
pull or tension, and tends either to separate the inter-acting bodies or 
prevent them from coming together but acts through a solid. 
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Walking or starting a country boat (fig. 1-3.25) are examples 
we have studied. You kick open a door, hit a cricket ball by a 
bat, try to throw down a wall, you apply an action and feel a 
reaction. A push distributed over a finite area is a thrust e.g. the 
force exerted on a table by a book and that it experiences, so that 
the two are at rest. 

(3) Friction: Whenever a body tends to slide over another, 
such as a sledge on ice or through a fluid such as a submarine 
through water or a plane through air, it faces a force of reaction 
from the latter. This is the well-known force of friction which 
always tends to oppose relative motion and stops moving bodies. 

For obvious reasons all these action-reaction forces are termed 
contact forces. 

(4) Attraction and Repulsion: Gravitational, electric and 
magnetic forces tend to pull bodies under suitable conditions toge- 
ther or push them away but without any visible contact. They are 
said to be field forces, 


The earth pulls the moon and keeps her in orbit, the moon pulls 
the earth equally and raises tides on her oceans. We have seen a 
magnet attracts a piece of iron just as the latter pulls the former. 
These are attractive action and reaction pairs. Hang a pair of mag- 
nets or a pair of charged balls with similar poles or charges closely 
side by side. Both in each pair would move away from each other. 


pa Action and Reaction—Two particular Examples : 


- 

A. Motion of Connected Systems: Fig, I-3.26 shows a bock of 
mass m, on a smooth horizontal table pulled by an unstretchable 
string of negligible mass attached to a load m, hanging over a mass- 
less smooth pulley. The pulley is so considered to simplify the 
problem so that it merely changes the direction of the tension T of 
the string at that point. The weights are so chosen that they move. 


To study the » motion of the system we mentally isolate the block 
m, and reduce it to a point at O; the acting forces on it are (1) T 
the horizontal tension on the string, (2) mg the downward pull of the 
carth on it and (3) its reaction N, the vertical force exerted by 
the table Seite block upwards. The block will be constrained to 


` two forces (1) T upwards (2) 


rf » 
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accelerate only horizontally and so no acceleration along the vertical’ 
direction. Hence we write, considering magnitudes only 


N-my,g=m,(a,)y=0 or N=m,gand T=m,(a,)y (I-3.11.1) 
To find T we consider the 
motion of m, once again 
considered a particle and under 


m.g downwards. As the system 
is accelerating downwards 
under the resultant of these 
two, we have 

mg~T=m: (a)y (I-3.11.2) 
Since the string is unstretch- 
able and the direction of ten- 
sion changes at the pulley we 
must have (a).=(a,)y or the Fig. I-3.26 
common acceleration of the system as a. Thus from the above two 
relations . 

T=ma and mg—-T=ma 


Adding the two we get mg=(m + m:) a 


or a=gm;,| (m +m) afi 1.3) 
T=mmg/(m+m) — . 
From these relations we find that for accelerated motion to continue 
always T<W (=m,g) anda<g. 


Problem: A load of 1 lb is pulling a mass of 15 lb on a smooth table by'a 
light inextensible string. Find the acceleration of the system and the tensfon of 
the string. [Ans, 7=32 poundals ; a=2 ft/s") (S. S. Q. 1979) 


Ex. 1-3.14: Two cubes of masses m, and m, lie on two smooth slopes of a 


block A on a horizontal plane. They are connected by a string passing over a 
frictionless pulley. What-horizontal acceleration is to be imparted to A such that 


the blocks do not slide down: the, planes ? (LIT. '78) 

Solution : Recall that in explaining the behaviour of bodies (eg. men) in a 
Horizontally accelerated’ frame (e.g. buses starting) we had introduced oppositcly 
directed pseudo-forces., We do so here, > 


When A accelerates towards right with an acceleration a then the two masses ‘ 


experience pseudo-forces 1, and mg to the left. Isolate m,—the forces on it 
are (i) pseudo-force m,a directed to the left (Hi) vertically downward weight m,g 


+ 
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and (iii) the tension T parallel to the plane inclined at 8 to the horizontal. As 
it is at rest we must haye (Draw your own figure) 
T+m,g sin B=m,a cos B 
Similarly isolating m, and considering its equilibrium we have 
m,g sin «<—T=m,a cos x 
Adding we get g (m, sin «+m, sin B)=a (M, cos «+m, Cos B) 
-. Tho acceleration required for the block A and the tension of the 
string are 
m, sin «+m, sin 8 
mM, cosa+m, cos B 
pa mum, sin (4—8) £ 
My COSX+M, cos 6 
[ Do you notice similarities with eqn. I-3, 11. 3? ] 


am. 8 


and 


In fig. 1-3.27 we have another arrangement where both the 
loads move vertically, one up the other down, 
connected by a light unstretchable string and 
passing as before over a smooth light pulley. 
The load m, being lighter than m., will move 
up. From the diagram we may write 


T—mg=ma and mg—T=m,a 


for in both cases T acts upwards as one of an 
action-reaction pair. Adding them we get 


g(m,—m,)=(m, +m.)a or a=(m,—m,)g | (m+ m:) 


(I-3.11.4a) 
mg Substituting this value of a we get 
| Fig. 13.27 T=2 mmg/(m-+m,) (I-3.11.4b) 


Ex, 13.45; A light inextensible string passing over. a smooth pulley carries at 


its two ends loads of 2 and 3 kg respectively. Find its common acceleration and 
the tension on the string. 


Solution : The net downward force acting on the system is (3—2 or) 1 kgf, 
for the lighter one is coming up, the heavier going down. So 
acting force=9.8N and the total mass=3+2=5 kg 
The net acceleration of the system= 25 N= 1.96 m/s? 
£ 8 
[You get the same result by directly applying the above equation J 
We know that the 3 kg load is descending with this acceleration. Then 


1.96 myst = 3X9 SNT or T=3x9.8N—3 kgx 1.96 mjs*=2.4 kgf. 


[Same result folfows from directly putting the formula] 
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Problem: A mass A, (=500 g) is placed on a smooth table with a string 
attached to it which passes over a smooth pulley and supports another mass B 
(=200 g) hanging vertically. At t=0, A is 200 cm from the pulley and moving 
away at 50 cm/s from it. What will be its position and speed at f=1s.? 

(I LT, '75) 

Solution : B is moving up under a force m,g—Tiand A is moving say to 
the left with a force ma(=T) where a is the common acceleration, Neither the 


pulley nor the string has weight 
. 200xg—T=200a and 500xa=T 


_200x 980_. 
a= 709 — 280 cm/s*. a% 


Now u= —50 cm/s .’. v=u+at= —50 +280 x 1=230 cm/s. 
and s=ut-+at®=—50x1+4%x240x1=70 cm. 


B. Reactions in a Moving Lift: Most of us are familiar with 
a peculiar feeling (‘butterflies in the stomach’) when (1) the lift we are 
in, suddenly starts downward (2) or when the large vertical merry- 
go-round in festivals, starts descending fast (3) the aeroplane gets into 
a rarer air pocket and bumps downwards or (4) during sea-bathing 
the retreating waves pull out sand layers from beneath our feet. 
Again, when the lift suddenly starts ascending, the seat in the merry- 
go-round start climbing or the plane gets into a denser air pocket 
bumping upwards, we seem to feel an increased pressure at our feet. 
When again in a great hurry we try to pull up fast a heavy weight 
with a string, it snaps ; but had we pulled it up slowly the string would 
have supported the weight. When the rising lift decelerates to rest 
we feel lighter but when it decelerates while descending we feel 
havier. d 

In all these cases an extra force is applied to the moving system 
and an added reaction results. As generally we are unprepared for — 
the reactions, we have such unaccustomed feelings. Let us consider 
the various cases of the moving lift, with a person of mass m kg 
standing in it. 

(a) Lift rising with a constant velocity ;—The weight of the man 
mg acts vertically downwards and presses on the floor of the lift. 
Clearly the floor reacts on the man with R, both acting along the 
„same line and through the C.G. of the man. This R gives us our 
sensation of weights When the lift rises or descends uniformly, 
according to Newton’s first law there is no resultant force on 
the man, his weight and its reaction remaining equal and opposite. 
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He feels nothing unusual. Note that (@ the’ third law holds equally 
for bodies in motion and (ii) whether at rest or in uniform motion, the 
lift being an inertial frame. 


(b) Lift rising with a constant acceleration a: The floor of the 
accelerating lift would also accelerate i.e. apply an upward force on 
.. the man and he will exert an equal reaction ma downwards in addi- 
tion to his weight to that the total reaction on the floor becomes 
R} =mg+ma=m(g+a) (1-3.11.5a) 
“6 Hence the man feels himself heavier. 


(c) Lift descending with an acceleration a (a<g) : Here with 
the lift the man also descends with same acceleration. So the force 
on him will be Tess than his weight and hence his reaction on the 
lift floor will also be less, so that 

mg—-R=ma -or Rt =m(g—a) (1-3.11.5b) 
bd 
i sarThe man feels lighter. 

Note that in these two cases the lift is an accelerated frame and 
hence a pseudo-force arises in both cases opposite to the direction 
of motion. ` 

y In T-2.14 we had arrived at these very expressions for resultant 
accelerations from the standpoint of relative acceleration along the 
same line. 7 i: 


_ 

» (d) Lift falling freely (a=g).Weightlessness : Suppose the cable 
Supporting the lift snaps and it comes down with acceleration g. 
From above formula we find, R vanishes. So the man feels weight- 

é. less as both he and the floor accelerate down at the same rate and 
~ contact between his feet and the floor no longer exists, Then, a 
brief-case in his hand need not be supported. 

(e) Lift accelerating down with a'>g:  Superweightlessness : 
This unusual case can be simulated if a powerful engine drives the 
lift downwards. The man will accelerate down only with g but the lift 
moves down faster ; so the man will get detached from the floor and 
to an observer strapped to the lift, will appear to rise inside the lift 
(though actually falling) until his head reaches the ceiling and press 
On it upward with a force m‘(a’—g). This phenomenon is super- 
weightlessness and may prove fatal to a pilot thrown out from a nose- 


diving plane, 


g 


e 
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# Ex. 1-3.16: (J) A manweighing 60 kg is inside a lift. What will be the re- 

action of the floor on the man when the lift is (i) at rest (ii) accelerates up at 490 

cm/s? Gi) ascends with a decleration of 490 cm/s? (iv) rises with uniform velo- 

city. g=980 cm|s* by ’ | [JEE 82] 
a 


Solution ; (i) With the lift at rest R=mg=60 kgf 


w, (i) R=m(g+a)=mx§g=90 kgf *.* a=490 cm/$=}g a 
1 s 
(iii) R=m [s+(—a)]=4 mg—30 kgf * 
(iv) R=60 kgf. 
et = at 


Ex. 1-3.17: A weightless rope can support a maximum load of Mg. Find the 
greatest load that can be raised through h from rest with uniform acceleration for 4 
t s after accelerating up uniformly. 


re, 
i ” 
Solution ; If the acceleration is @ then the tension on the string gine up 
a mass m is T=m(g+a) 4 e d 
nw i 
Obviously Tmag=Mg and hence with tho above value of T, ~i é 
mia Meig +a) clk i” a 
As the mass rises through a height from rest A in time 1 with aC 
acceleration a, we have 
ki h=}ft?) or a=2hjt", a m 
Substituting this value of a in the above relation we have | ‘ 
Mmanz=MI(1+alg)=Mi(1 +2hjgt?) « 
: 


Problems: (1) A lamp hangs vertically from a cord in a descending elevator y 
Which decelerates at 8 ft/s? belote coming to a stop. If the tension of the cord 
is 20 Ib-wt, find the mass of the lamp. If the elevator ascends with same accelera- 


a 


tion what is the tension? g=32 ft/s? (Ans : 0.5 Ib, 20 Ib-wt) 


(2) A sand-glass is weighed twice in a sensitive balance Soaps the sand 
is falling slowly from the upper compartment to the lower, and again when all the 
Sand has collected in the lower. Will you get the same weighings ? 

w e: (Ans. No. Larger in the second.) 
10 


á 


G 
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(3) A body A rests on an aeroplane B. State and explain the conditions in 
which the action and reaction between A and B will be 


(i) Equal to the weight A ; (ii) Greater than the "Waa of A ; (iii) Less than the 
weight of A; (iv) a 


1-3.12. Procedure in problem work involving forces. In solving 
problems involving the action of more than one force on a body or a 
System of bodies, much difficulty may be avoided by following the 
ee suggested below: ~ 


; 0) Select one of the bodies for consideration, usually the one 
of which rest or motion is to be discussed. Consider this body to be 
isolated from the rest of the system by an imaginary closed surface, s 
as in fig I-3.20.* Mark all forces which act on this body from outside 


HCY Mas 9 5 


“toe clstruct a ‘force diagram’ in which the selected body is — 
represented’ by a point, and represent by suitable vectors all of the 
forces acting on this body from outside the imaginary surface. Be 
careful not to omit any*force, but never include any force which this 


body exerts on other bodies. If any force is unknown, represent it 
by a vector, but! mark it as unknown. 


a _ titi) From the force diagram: find the resultant of the forces. If 
it is zero, the > body is at rest. If, otherwise, this is the unbalanced 
-force which gives the body an acceleration in its own line of action. # 


A beginner may avoid much confusion if he remembers that 
(a) A force like a push or a pull is exerted by contact. 


(b) An electric, magnetic or gravitational force acts without 
contact.” 


(© When two bodies’are in contact, the reaction of one on the 


+ ee 


3% a 
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other, is exerted at the point of contact. Action.and reaction act in 
the same line. M 


(d) In a flexible cord stretched between two points, the tension 
is the same' throughout. The tension acts on the body at the end 
of the cord, and exerts a pull on the body along the cord. 


Worked Examples: | Let us take a few examples to illustrate the + 
procedure sketched above. 


a 


Ex. 13.18: Find the tension in a vertical cable when it pulls a 2000 Ib 


elevator upwards with an acceleration of 4 jt/s*. 


` Solution ; Step (i)—Since there is only one body to consider, application of 
step (1) is obvious. i "m 


A m 


Step (ii)—The force diagram is. represented in the attached. fig. O represents the 
body. It is acted on by two vertical forces, (a) the downward pull W, dye si the! Ay 


earth and (b) the upward pull T, here unknown, pa 

“due to the cable. a 7 
Step (iii)—Since the body moves upwards ¥ ne 

T>W and the balance T—W gives the body è 

an acceleration of 4 ft/s?. oe o 
Now since the weight of a body=its massx 4 | 

acceleration due to gravity, we have % Yw 


W=2000%32 poundals (taking g=32 ft/s).  ,*. T—32x2000=4x200 
i Or, T=72000 poundals. ` 


Ex. 1-3.19: In the same problem, what will be the tension if the elevator 
noves downwards with the same acceleration ? 
W Solution: The force diagram is similar, but now W>T and the unbalanced 
force becomes. 

W-T=mass of the clevatorxits acceleration. 


32x 2000—T=2000*4 


a 4 


On, T=36000 poundals. j; Ää 


_ Ex, 13.20: A mass of 5 Ib is pulled along a horizontal smooth table by a 


tight inextensible string passing over a smooth pulley. and carrying a mass 3 lb, 


the tension in the string and the acceleration of the system. 
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Solution : Step (i—Select the 3 lb mass for consideration and imagine it 


isolated from the rest of the system by ‘an ae ys closed surface. (Refer to 
fig 1-3.27). 


Step (ti) Construct the force diagram of the” selected body. The forces on it 
are (a) the weight W, of the body=3x32 poundals acting. downwards and (b) the 
tension T of the string acting upwards. 


Step, (iii)—Since the mass moves downwards with an acceleration a (say), we 
have Total downward unbalanced force=massx acceleration of the moving body. 


x , 96—-T=3a. AY 
ip or, a. | ¢ 


Consider now the 5 lb mass similarly. The forces on it are (a) the weight W, 
=5x 2 poundals acting vertically downwards, (b) the reaction R of the table acting 
vertically upwards and (c) the horizontal pull T on it due to the string. As there 
is no vertical motion W, and R must balance each other. 
horizontal tension T provides the acceleration of this mass. Since the two masses 


are connected, by an inextensible string, their accelerations are the same. Hence 
a 7 


Hence the unbalanced 


% - ) T=5a (BY 
_ Solving. equations (A) and (B), we have 


gee poundals and a=12 ft/s?. 


iy 

Ex. 1-3.21: Tug masses ” 500g and 400g are connected together by a light 
inextensible string passing over a smooth fixed pully. Discuss the motion and 
find the tension in the "siring as also’ acceleration of the system. (Draw the necessary 
= diagram yourself.) 


ae 
= Solution ; ‘Hoey the heavier 
r. mass moves downwards, 7 
pulls up the lighter one. ? rds, and, as a result, 
Let T be the tension in the string at 
a ig and a the common ai i 
consisting of the two masses, cceleration of the systent 


Sel 

elect the 500g. mass for consideration. In constructing its force diagrant 
Temember that the forces on it are (a) its weight 500x980 dynes acting downwards, 
and (b) the tension T acting bape, 


The unbalanced force 500x980—T eke it 
the gg a. 
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s+. 490 000—T'=500 a ‘Le (A) 
Similarly for the 400g mass, we “get : (B) 


T —400 x 980=400 a 
Solving (A) and (B), we have 


T. =435 600 dynes and a=108.9 cm/s?. 


Ex. 1-3.22. Inclined Plane: A body of mass m starts from resi and slides ~ 
down along a smooth plane inclined at an angle @ to the horizontal. ` Find the 


acceleration. pS ra a 

Solution ; Force diagram—The body is acted on by two forces, (a) its weight 
ang acting vertically downwards, and (b) the reaction 
R of the plane, ‘here unknown and perpendicular 
to the plane. 

Resultant; As the motion occurs along the 
plane the resultant of these two forces must be 
` directed parallel to the plane. The magnitude of 
the resultant may be obtained in the ordinary way 
‘by combining mg and R and remembering that 


Fig, 3.13, 


ithe angle between them is 180°—@, Ss icf 


It is however easier to obtain the magnitude of the resultant by resolving mg 
along and perpendicular to the plane. These resolved parts are mg sin @ and 
mg 00s @ respectively. As there is no motion perpendicular to the plane, the 
forces R and mg cos @ must balance, i.e, R=mg cos 0. 


Acceleration: The remaining unbalanced force is mg sin @ ‘parallel to the 


plane. This produces motion in the body and gives it an acceleration 


mg si Og sin o. 
m 


Ex, 13.22: A man weighing 120 lb stands in a lift which starts. moving down. 
wards with an acceleration of 2 ft/s*. Calculate: the thrust he exerts on the floor. 
= Af the lift moved upwards what is the thrust the man will experience? (g=32 fil 
8%), 


: 
fi. f 
+ Solution : Consider the man isolated and draw the force diagram of the forces 


acting on him. The vertical forces are (a) his weight= 12032 poundals acting 


a 


. 


` . acceleration, 


110 MECHANICS 


downwards and (b) the reaction R of the floor acting upwards. 


AS a result of 
these forces he gets a downward acceleration of 2 ft/s®. 


120x32—R=120x2 
Or, R=3600 poundals. 


= The thrust he excerts ‘on the floor is equal and opposite to R. 
If the lift moved upwards R is also upwards and we should have 
R-120x32=120x2 or R=4080 poundals. 
„a i^ His weight is however 120%32=3840 poundals. 


ae Wi, 4 A 
Note. Tt will be seen from the above that when a lift moves downwards witl 


4 man ini the lift feels lighter because the thrust between him and 

the floor is smaller than his weight. When the lift moves upwards with an accelera~ 

tion, this thrust is larger than his weight, 
br % 2 


13413. Principle of Conservation of Linear momentum : 


Hence he feels heavier. 


This very important Principle, follows from Newton’s third law 
and the momentum-impulse theorem, 


A. Statement : The total linear momentum of an isolated 
of particles is not altered by the actions and reactions between the 
Particles comprising the system, if no external force acts upon it. For 
‘particles’ we can read ‘bodies’, the bodies obeying Newton's third 


law. The’ principle applies only to closed systems. 


systenr 


» fem or a closed system. z 
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B. Derivation from the 3rd Law : Let a particle A act on another 
particle B with a force F for a time t. The impulse Ft of the force 
gives the change in linear momentum of B. Since B exerts an equal 
and*opposite force on A, this reaction acts for the same time ¢ on 
A, and produces a change of momentum Ft in A which is pie 
in direction to that produced in B. The changes in momenta due 
to action and reaction are thus equal and opposite. 4 


- 

` If-A has a mass m, and while moving with a velocity m, it inter- 
acts with B of mass m, moving with velocity u», in the same direction 
so that their velocities decrease to v, respectively then 


Ft=mu— mr, j 


and Ft=m,v,— Ms 

or mut mi,=mv + mv 
3.13.1) 

Hence the total momentum of the system consisting of the 


particles A and B is not changed by the action and reaction between 
them. This is true whatever be the number of particles in the system. 


Remember, bodies inside a closed system are not supposed to 
react with whatever may exist outside an imaginary surface (see _ 
fig. I-3.20) which encloses only the bodies under consideration. We 
have said it before (§ I-3.9; Isolating a body) and emphasise 
it again. 

Alternatively, if P, and P, be the momenta of masses m, and m, respectively 


then from second law a 


ap, and F 


dp, 
Par at a= at 


and from 3rd law. F4=—Fa 
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PC EC el Vi a 
naea OF ge(Ps +P.) =0 


Integrating Pi+P,=Const, ( same as I-3.13,2 ) 
~ Note that (1) the Principle holds regardless of the character of 
reactions as no assumptions are being made regarding the nature of 
“forces, F 4 and Fy (2) the principle requires that the total momen- 
tum should’ remain constant both in magnitude and direction for 
momentum is a vector. (3), the. principle implies that momentum 
of a system can be changed only by unbalanced external forces. 
(4) the principle is more fundamental than Newton’s laws for 
the latter do not hold in the micro-world i.e. dimensions less than 
atomic radii, but principle of conservation of linear and angular 
momenta do. s 


p 
: 


C. Derivation of the 3rd Law from the principle of conservation 
of linear momentum is quite easy—just reverse the order of the above 
deduction. From the principle of conservation of momentum we have 


M -dP4 , dp, _ 
PitPs=const or a a! ( 1-3.13.3) 


or Ey,t+F,=0 or F,=—-F, 


The 3rd law is contained in the first. We have deduced the 3rd 
law from conservation of linear mome: 


emphasises the fact that 


ntum principle. 3rd law 


internal forces cannot change the 


momentum of a system as a whole. To do SO, some force must 


be acting from outside. That is what the first law states. Hence 
We may say that the 3rd law’is included in the first. Thus we might 
have done with the Second Law alone. The Ist law and Principle 
of momentum conservation state the same fact in different languages. 


inital velocity of 100 m|s. 
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D. To change the liñear momentum of a system of bodies, or 
particles, a force must be applied from outside the system. (1) Thus a 
cyċlist cannot slow down his. cycle by merely pulling at the handle. 
The change in momentum due to this pull on the cycle is balanced by 
that due to the forward reaction on the cyclist. A person sitting 
in a chair cannot lift it. You cannot move a car pushing from 
inside. (2) A shell bursting in mid-air has a certain momentum 
before it explodes. When the fragments fly off in all directions after , 
the explosion, each one of the fragments has a momentini of its own. 
According to the principle of conservation of momentum the sum 
total of the momenta of the fragments must be equal to the momen- 7 


tum of the entire shell. (3) When a meteorite burns up on entering the 


earth’s atmosphere it transfers its momentum to the air molecules 


with which it collides and scatter them. 
* 


A projectile of mass 50 kg is shot vertically upwards with an- 
After Ss it explodes into two, fragments. One of 20 
Find the velocity of the other at that 

[L 1.7. 773] 


Ex, 1-3.24: 
kg mass shoots vertically upwards at 150 m/s. 
instant. Take g=9.8 m]s- 


Solution. Velocity of the projectile $ s after projection is 


v=u—gt=500—9.8x5 
=51 m/s 
The explosion is due to internal forces only, no external force acts. Then 
Total momentum before explosion=Total momentum after explosion 
50x 51=20x 150+30xv' 
v'= —15 mls. i 


i.e. the bigger fragment will be hurled downwards with an initial velocity of 15 m/s 
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Problems: (1) A shell failing vertically at. 100 m/s explodes into two frag- 
ments of ratio 2:1 in masses, If the heavier one descends at 200 m/s just after the 
explosion what was the yelocity of the lighter one at that’ instant ? 

(J. E. T. 76] (Ans. 100 m/s down) 


“in A shell, moving northward with velocity v, explodes in midair into 
two equal pieces. The force of explosion Projects one piece in the backward direc- 
tion with velocity v/2. Will there be any change in the velocity of the other 
piece ? It So, what? [Ans : Yes. The velocity will increase to 3v/2.] 
Pi "y 
(4) Squid, an ancient sea animal, ejects a jet of water from a 
flexible funnel, for swimming forward or backward as the need may 
be. This is possible to conservation in. linear momentum. 


(5) Gun firing a shell. When a gun fires a shell, the shell 
acquires a momentum in its direction of motion. Before fing, the 
system consisting of the gun and the shell was at rest, and their 
combined momentum was zero. Since the explosion exerts equal and 
Opposite forces on the gun and the shell, their combined momen- 
tum will not change due to the explosion. The gun therefore acquires 
a momentum equal and opposite to that of the shell. The backward 
velocity which the gun acquires on firing is the velocity of recoil. 


Let M and m be the masses of the gun and the shell respectively 
and-V and v their velocities. 


Then —MV+mv=0 or MV=my. (T-3.13.4) 


Ex. 13.25: A bullet weighing 8 g is fired from a 5 kg gun. If the speed 
Of the bullet is 400 m/s, find the velocity of recoil of the gun. 


[H.S.'74] 
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Solutio:: From the relation MV=mv, 


we have V=mv|M=8 gx 400 m/s+5 kg cm/s 


Ex. 13.25: A parachutist with a machine gun has snapped the cord of his 
parachute and falling freely. With the parachute he weighs 100 kg. How gpany 
bullets of mass 20 g each per sec he ‘must fire: downwards at 1 kmjs to Check 


his fall? 


Solution. Let n per sec be the required number- Then the reaction of the 


firing would nullify the downward fall. So we have 


nļs x20 g x 1000 m|s=100 kgx9.8 m/s* 


or n=49. 


Ex, 1-3.27 : > Determine whether the kinetic energy of recoil of a gun is more, 
equal ito or less_than the forward kinetic energy of the bullet. [I I. T.’78] 


Solution. Let the mass of the gun be M, much larger than that of the bullet 


(m). Let their recoil velocity and the forward one be V and v respectively. Now 
we know that their kinetic energiees will be 4 MV2 and ł my2 and MV Spr. 

r 
i EjÈ}MV* =MVAV Emo. ir 


m m 
=§mv° Mo Evig ( 1-3,13.4 ) 


++ M>>m, we must have E,<<Ey i.e. recoil energy of the gun is far 
Jess than that of the bullet. 5 


This is why we can stand up to the recoil of a gun but are felled 
by a bullet fired from it. Bodies with identical momenta may not 
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have same kinetic ¿energy when their masses differ. Because of 
tremendous recoil energies of big canon firing big shells they used 
to be either mounted on open railway carriages or themselves provided 
with wheels which you may have seen in old guns on exhibit. 
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“ip 
« Problems: (1) Find the force required to hold in position a machine gun 
firing 10 bullets per sec., each with a mass of 0.005 kg projected with 2.5 m/s. 


(Ans. 125% 10-4N) 


QA gon is mounted on a railway track standing on a Straight track. The 


total mass of the cannon, the carrier, the operators and shells is 2000 kg while that 


The shell is fired horizontally with a velocity of 1 km/s. 
r Find ‘the Speed of canon just after firing. 


Wot a single shell is 25 kg. 


(Ans. 122 m/s) 


(6) The flight of rockets is another application of this principle. 


The rocket has solid fuel. One of the consti- 


tuents of the fuel provides the oxygen neces- 
Sary for the combustion of the other constitu- 
ents. The products of combustion within the 
rocket are gases of small quantities that come 
out with a very high velocity from the tail end 
of the rocket (fig. I-3.29). The main body of 
the rocket gets an equal and opposite momen- 
tum and moves forward. To change the direc- 
tion of a rocket-ship in space, small jets are 
fired from the sides of the rocket. These may 
be oriented as desired. 


Let a rocket of mass M be moving up with 
Fig, 1-3.29 an instantaneous velocity » (fig. I-3.29). For the 


present we ignore g. Let the combustion 
products of mass $m be continuously. ejected 
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per sec from it backward with a constant speed u relative to the 
` rocket. Thus as the mass of the rocket diminishes to (M— êm) its 
velocity increases to v+ 5y, during a time-interval 8¢. During that 
interval the average velocity of the rocket will be (v+4éy) and that 
of the ejected gas ( v-+6y—u) in the direction the rocket is moving. 


Initial momentum of the rocket is Mv and after ejection of èm 
of the fuel, it is (M— 8m)(v+44v) whereas the momentum of the 
ejected gas is m(v-+4 $y —u). Then from linear momentum conserva- 
tion principle we have à 


(M—8m)(v+48v)+ Mutz- u)= My 
or M.sy—mu=0 
or (8m/M)=(5v/u), s : 
neglecting the product of two small quantities 3m.dv. 
Now mass of fuel 8m burnt out is also 8M the diminution in mass 
of the rocket. (Earlier, in deriving the relation F =ma we had: 


indicated that mass of a moving body is not necessarily const and 
rockets provide such an example). 


2 §m=—8M 
and ‘so -Mut (1-3.13.5) 


Let the initial mass of the rocket+fuel be Mo and its inital velocity 
v, which after time of flight respectively reduces to M and increases 
to v. So on integration between these limits we have 


f x n . E ay N 
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418 
E 5 ’ a 
Mi a 8M. Lç 
sea N 
Mo vo 


OOP ioe, M Etat OET A a j 
i sag 


and v=vo— u In(M/Mo) (I-3.13.6) . 


As an rocket rises the fuel burns and thé’ mass of the rocket 
We nises. Tf the fuel burns at a constant rate it provides a constant 
“force (P) acting on the rocket. Hence the acceleration of the rocket 
goes on increasing so long as the fuel lasts. The same applies to 
jets. A cation of simple mathematics. shows that 


_ downward velocity of gas relative to rocket 
2 
acceleration = mass of rocket 


ps rate of loss of. mass minus the acceleration due to gravity. 
ah 


fees Og (1-3.13.7) 


With increase of height above the earth g diminishes. If the fuel 
burns at a constant rate the acceleration goes on increasing due to 


loss of mass. 


te, 


Now in actual cases, u and ( 8M/at ) remains more or less constant — 
as fuel burns out steadily but with height both g and M go on dimi- 


` 


d 
NEWTON'S LAWS OF MOTION 4 119 


nishing so a goes on increasing; i.e. acceleration does not remain 
constant. Hence the galloping acceleration of the rising rocket you 
may have noticed in TV and wondered. 


Ex, 1-3.28: A rocket of total mass 6000 kg, of which 5000 kg is the propellant 
fuel, is to ‘be launched vertically. If the fuel is consumed at the steady rate of 
60 kg/s, what is the least velocity of the exhaust gas so that the rocket will just 
lift off the launching pad after the firing? What is the thrust? Take g=9.8 m/s2, 

[ J. E. E. ’83] 


Solution. Let u=initial velocity of the exhaust gas, 
dm/dt=rate of mass of the gas ejected, downward and 


mg-=weight of the rocket. bid 


Then the upward thrust=rate of change of momentum=u. dm/dt. „For the 
A i - 
upthrust to lift the rocket immediately after firing we must have -u dm|dt=mg. 


Substituting values we get required least value of the velocity =980 m/s. 


Required thrust=u dm/dt 
=980 m/s x 60 kg/s=58.8 x 10? N t m 


Problems : (1) Find the minimum rate of fuel consumption for a 3000 kg 


rocket ejecting burnt gases at 300 m/s at the start to take-off vertically. “le 
(Ans. 98 kg/s) 


(2) In 15 after vertical take off a rocket loses goth of its mass. If gas is 
ejected at 5 km/s find its upward acceleration. [Hint : Use Eqn 1-3.13.5] 
(Ans. 100 m/s*) 


(7) Jet planes utilize the same principle as rockets for motion. 

Tn the jet engine, aif blows in at the front, is compressed and led 
into a combustion chamber. Here it is mixed with fuel and burned. 
The high pressure of the resulting gases is made to work a turbine. 
The turbine not only works the compressor which compresses the 
incoming air, but also drives the gases through the tailpiece of the 


. 
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engine at a temendous speed. The ‘plane gets a forward momentum 
equal to the backward momentum of the exhaust gases and moves 
forward. ‘ T 

Thus the principle on which the rocket and jet propulsion acts 
are identical, But they differ,in their working as much as jets 
utilise oxygen from the air sucked in, whereas a rocket carries inside 
it oxygen as liquid or sold fuel. Hence jets depend on the atmosphere 
for their flight whereas rockets can go to outer space ; there they have 
the added advantage of frictionless flight. Rockets had been in- 
vented long ago by the Chinese and had been in use in fireworks 

“sand war in the Middle Ages. 


Š w When a man jumps ashore from a boat it moves back. We 


have explained that by Newton’s 3rd law. The conservation principle 
applies there just as in a rifle firing a bullet. If the person walks 
briskly along the deck of the vessel, say towards the shore, the boat 
will move back. 

For example, let a person of mass 50 kg move so 3m on a boat 
of mass 250 kg. Let his original distance from the shore be 5m. 
Now the walking man and the boat act and react on each other. So 
those forces, 50 a and 250 a’ must be equal and opposite i.e. a=5 a’- 
Now they have interacted for same time ¢ and so developed velo- 
cities v=at and v'=a’'t which makes v=5v! and directed oppositely. 

» © Clearly the man and the boat must have moved over opposite dis- 
tances x and x’ where x= —5x’. But x—x’=3 m i.e., x’=0.5 m and 
x=2.5m, So the boat moves away by 0.5 m from its position 
placing the man (5—2.5 i.e.) 2.5 m from the shore, 


Problem: A boat is in perpendicular direction to the shore, its nearest end 
0.6m from the shore. A 50kg man walks away on the boat which weighs 200 kg 
and is 2.5 m long. Show that the boat will not reach back to the shore. Find 
by how much it falls short. (Ans. 0.5) 


a M. 
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1-3.14, Elastic collisions. You are familiar with collisions, such 

„as between a man and a cyclist, two motors, two trains, etc, 

Mathematical analysis of any such real collision is about impossible, 
But in idealized simple cases, it is possible to do so, 

Answers to all problems on elastic collisions are based on two’ 

conservation principles, namely, 


mo 
ne 


(i) Conservation of momentum and (ii) Conservation of kinetic ` 


energy. Collisions in which the momentum principle holds, but 
kinetic energy is not conserved, are called Inelastic Collisions. In: 
practical cases most collisions are inelastic, Part of the kinetic energy 
is converted into some other form, while linear momentum 
is conserved, 

A. General; Suppose two particles collide with each other while. 
moving along the same straight line, A collision is said to be perfectly 
elastic when the sum of the kinetic energies of the particles remains 
the same before and after a collision, The linear momentum is 
of courseconserved, Atoms, molecules, nuclei, electrons, etc, may 
suffer elastic collisions. 


Let two particles of masses m, and m, move along the same line 
with velocities u, and u, respectively (Fig 1-3 30), The velocities: 


Fig, 1-3.30 


will be taken as positive if the motion is from left to right. Momente 
are in the direction of velocities, If any of the particles moves 
from right to left its velocity and momentum will be taken as 
negative, a 

Suppose after the collision, the velocity of m, becomes v,, and 
that of m, becomes »,. From the principle of conservation of 


momentum, we get 


i 


MU; +M Ug =M, 9, +M, Y; (1-3,14,1) 
Since in elastic collisions, kinetic energy is also conserved, we have 
dm,u,? +4m,u,* = 4,0," H iM va" (I-3.14.2) 
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These two equations provide answers to all questions of elastic 
collisions in a straight line. Let us consider a few cases. Note that 
we are taking u, >u, and »,>v;. 

(i) Relative velocities before and after collision 

From 1-3.14.1 m,(u,—¥1) =™4(¥s—4s) (J-3,14.3) 
‘From 1-3,14.2 m,(u,?—V, °) =M Ya ug”) (1-3,14.4) 
Dividing *4 by ‘3 we get, 
Uy tv = Va tUg 
Ol u, —Ug=Vg—Va = 1a) (1-3,14,5) 

‘This shows that for (perfectly) elastic collision relative veloci'y of 
approach before collision is equal to the relative velocity of separation 
after collision. } 

(ii) Dependence of final velocities on the colliding masses. 

From 1-3,14.5, we have v,=u,—u, +V. Putting this value in 
1-3,14:3 we get m,(u,—v,)=m,(us—u, +V1 — Ug) 


or, v(m, +Ma)= (m,—m,)u, +2m,u, 
or, v= Mey + DMa y (3.14.6) 


m, +m, m,+m, 
2m u p” Mm 


Similarly, v y 
m, +m, ` mi +M, 


Us. U-3.147) 


(d) Tf both masses are equal (m, = m) 
v, =u, and v, =u, (1-3.14.8) 
It shows that the particles interchange their velocities after 
collision, 
(b) -m initially at rest ( that is, u, = 0). 


In this case v= May, and v, = Phi ya (1-3,14.9) 
2 atm, 
(c) -mą initially at rest and m,=m,. 
In this cate y,=u, and y, =0, (13.14.10) 


This means that the first particle comes to rest after collision and 
the second starts off with the velocity of the first, 


(a) The second particle is very heavy relative to the first (m,>m,) 
and is initially at rest (v,=0). In this case, we get from Eq.s 1-3. 14,6 
and 1-3,14.7 

| n&u, adu, z. q-3.14.11) 
(This sign = means ‘about equal to’) 
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This means that the lighter particle turns back practically with 
the same velocity after collision while the heavy particle remains 
practically at rest, 

It follows that on colliding with a rigid wall, a particle will (ura 
back with the same speed, m in this case is taken as infinite, 

(e) m, is very small compared with m, and is at rest. We neglect 
m, compared with m, and take u,=0 in Eqn. 1-3.14.6 and, 7. 
This gives 

v,&u, and y,=2u, (T-3.14.12) | 

This mans that the velocity of the heavier particle remains 
practically unchanged, while the lighter particle shoots off with a 
speed about twice that of the heavier particle, Hence however hard 
you take a spot kick in football or hit a golf ball, you can never 
propel it faster than twice the velozity of your foot or the stick, 


B. Classification of Collisions and Energy Relations : 

Collisions between two bodies may be of four types (i) perfectly 
elastic or simply elastic (the last article) (ii) perfectly inelastic 
(iii) partly elastic (iv) hyper-elastic. They may be defined respec- 
tively as cases wherein (i) relative velocity of approach is same in 
magnitude but opposite in direction to relative velocity of separation 
(ii) no relative velocity after interaction (iii) relative velocity of 
approach is greater in magnitude but opposite in direction to the 
velocity of seperation (iv) relative velocity of approach Jess than that 
of relative velocity of separation, Again, in (i) linear momentum 
and kine ic energy are conserved so far as initial and final conditions 
are concerned ; here conservative forces are at work. In (ii) the masses 
stick together, linear momentum is conserved but not the kinetic energy ; 
dissipative forces are at work here, always generating heat sometimes 
light or sound, In (iii) also kinetic energy is not conserved as again 
there is some dissipation, In (iy) also, kinetic energy is not conserved, 
it is gained at the expense of vibrational energy. 

The first two cases are idealsations ; mostly it is the third type that 
occurs and rarely the fourth, Ivory or steel or glass balls hitting 
others of their types provide very nearly perfectly elastic collisions. A 
lump of mud or putty falling on a hard surface is a case of inelastic 
collision ; a bullet fired and stuck into a target hanging or fixed, is 
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such an example. Most collisions that you observe are of the third 
type. The examples of the fourth type are rare ; you throw a 
marble at a large swinging body along its direction of motion and 
may be surprised to find it bouncing back with a much greater 
velocity ; this happening if the marble hits when the other body is 
approaching and is at its lowest position, When two vibrating (said to 
be excited) molecules collide, kinetic energy may be increased at the 
„expense of vibrational energy as in Raman Effect. We have already 
said that collisions of atoms, protons and other fundamental particles 
(including photons—lumps of energy) are perfec ly elastic. 

13.15. Energy transfer ; (a) Perfectly elastic Centric collision : 
Let a mass m, moving with a velocity u, hit another of mass m, 
moving in the same direction with u,, centrally ie, head-on. Let 
them continue to move in the same direction with changed velocities 
u, and vo. 

The momentum conservation law gives 

MU, +M =m, +MyVe (i) 

From the original definition of perfectly elastic collision since 
relative velocities of approach and separation must be the 
same, we must have 

U,—Us=Vy-V, (Note: e=1here) (ii) 

From these two equations as we have already obtained 

(1-3.14.6 and 7) 


n= =Ms)u, | 2mau, y 


mitm, ‘m,+m, tii) 
and y,= 2m,u, (m, -mue ‘ 
mı +m, m,+m, Gi 
Hence the total kinetic energy before impact is 
= s 1 
K=4m,u,°+4m,u,* m$ ETR [ (mn, +m.) mu,” +m," )i 
1 
“Xm, +m,) [my "us? +m ua" +m, mau,” +u”) ] 
1 
map r | (mata tata) Hmm, =u) ] 


F { (nv HV) +mm VV) J 


ae 
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1 
= Xm, +m) [ (m, +m,\m,v,* +maYa)" J 


=4m,y,"+4m,v,* =total kinetic energy after impact (1-3.15.1) 
Hence kiniic energy is conserved in perfectly elastic collisions. 
Condition of maximum energy tran‘fer: We consider the case 
when m is initially at rest. Then from 1-3,14,1 we get 
m,(u,—V1)= Mas 
From I-3.14.5 we get u, =V —Vı Of Va =U, +1 
e Ma% =M, (u, — vı)=m[u, = va- u,)]J=m, (2u, Ya) 
or va(m, +m,)=2m,ux 
, Kinetic energy aquired by m, i.e. transferred from m, is 
4m,*u,* _ 4mm, 
(n, +ma)* (m, +m)" 


ON, a 4m, mg $ 
=m u, { (m, =m)" — 4m, ma } maa 


ima = ima kmyu,? 


Now 4m,u,* is the original K.E. For 4m,y," to be a maximum 
the bracketed term must be a 
maximum, Obviously it is so 
when m,=m,. Under this 
condition the entire energy is 
transferred ; the first body stops 
the other moves off with same 
velocity as in equation I-3.14.10. 
Fig, 1-331 shows how the Fig, 1-3.31 
fraction of energy transferred (b)», varies with the fraction m,/m,. 
It is unity when m, = Mg. 

Problems. (1) For elastic collision of a body of mass m with 
another of mass km the energy lost by the former on a head-on collision 
is maximum when k= 1, Prove by applying the laws of conservation 
of energy. [J. EE. 719) 

(2) A mass m, hits head-on another mass m, at rest with a 
velocity u, The two move on with velocities v, and yọ. If the 
collision is perfectly elastic show that the velocity and energy gained 
by the mass at rest are 


ume and KR ae 
(m, +m) (m, +m)” 


pa imm, „ 4mm) 
(m,+m,)? (l+m,/m,)* 


Wy 
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(3) Two masses m, and ma moving along the same straight line 
with velocities u, and y suffer a perfectly elastic collision. Show 
that there will be a transfer of momentum from the first to the 
second of magnitude 2m,m, (u—v)/(m, +m.) 


(4) Two perfectly elastic flat discs A and B one k times as 
massive as the other rest on a smooth horizontal table. A is then 
made to move with a velocity u to hit B head-on, Apply conservation 
laws to find an expression for kinetic energy transferred from A to B; 
Also show that the fraction transferred is irrespective of whether A 
is the bigger or the smaller one, [J E E ‘78} 


(5) A neutron collides head-on with a C** nucleus at rest in the 
graphite moderators of a reactor, Show that the neutron loses 28% 
of its energy. The collision is elastic and the mass number of neutron 
is unity. 

(b) Perfectly elastic slightly TExcentric collision : Collision 
which is not head-on but slightly off the central line make the bodies 
move along diverging directions, You must have noticed that, when 
in playing carrom or billiard you deliberately hit the dice or the 
ball at rest, off th centere line, The 
dice and the striker or the billiard 
bal's after impact no longer continue 
in thes ame line, their paths diverge. 

Let a ball moving with a velocity 
u hit an identical ball at rest slightly 
off the center, They will fly away 

Fig. 1-3.32(a) with velocities y, and y respectively 

i in directions making angles 4, and xa 
respectively with the direction of u (fig. I-3.32a) These angles 
are said to be angles of scattering. 

The balls being identical have the same mass-and the collision 
is elastic so that the total energy and forward momentum are 
conserved, So 

Jn =m," +m" 
and mu+0=mv, cos xı +MY, COS 43 (1-3.15,3) 
~- we U=V, COS 4, +7, COS 4, (1-3 15.4) 
and y, sin 4,— V, Sin 43 =0 ory, sin 4, =V; SİN xa (I-3,15.5) 

There being no initial component of velocity in the direction 
perpendicular to u, The velocities can be found if the angles of 
scatter are known and the angles, if the velocities are known. 
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Ex. 1-329. A ball moving with a velocity of 0.5 m/s hits an 
identical ball ut rest elastically and moves after collision at 0.3 mis. 
Find the velocity of thc second ball and show that they move away 


at right angle to each other. [LLT 72] í 


Solution : Refer to the fig above and the three equations ; we have 
50? =302-+y,* (for $ m ia the first equation caacels out), 
or v,=40 cm/s 
From the 20d equation 50=70 cos x, +40 cos x9 
or 3 cosa, +405 «g=5 0) 
from the 3rd relation 3 sin 4, =4 sin xg (ii) 
Squaring (i) and (ii) and adding we have 
9 sin®<«, +C0s"«,)= 16(sin” «  -+208"4,)+25—40 cosx, 
or 40 cos 4a=25+16—9 =32 
wt. cos 4, ~ ¢ and hence sin 4, = 
Substituting this value of sin «, in eqn (ii) we get, 
sin xı =$ X =$ and so COS 44 = $ 
Now sin (41t <a) = SIN 4, COS 4g + COS <, sin <q 
aexitixd-l 
we 4, +4, =90°. 
Problem. A ball moving at 9 m/s strikes a stationary identical ball’. 


such that each moves on at ai 
30° 10 the original direction, 
Find the speeds of the two 
balls after collision, (Ans. 


3 J3 m/s). CILT 75] 
Compton Effect relates to 
scattering of X-rays by Fig. 13320) 


electrons, The observed facts 

could be explained only by considering radiations to be finite bundles 
or particles of energy, the so-called photons, They collide with am 
electron and both get scattered because of perfectly elastic collision. 
Their paths are shown in fig. 1-3,32(b). 

Demonstration of conservation of Linear momentum : “Newton's 
Cradle”. 

The apparatus is shown in Fig. 1-3,33 and consists of solid 
identical steel balls suspended as shown, by a pair of threads each, 
from a pair of horizntal supports so that the balls stay in the same 
horizontal line. If one ball is allowed to swing down and hit, none 
moves but the last one, which immediately swings out through an are 
equal to that of the striker, The action depends on i) conservation 
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laws and (ii) the fact that collision of stezl balls are very nearly 
perfectly elastic, If two balls swing down together to hit, the last 


Fig. 1-3.33 
‘iwo balls swing out and so om for any number of balls Refer to 
eqn 1-3,14,10, 

The same will happen if the same steel balls are put in a horizontal 
groove in contact with one another and one two etc. of their number 
roll in and hit them, Even with a row of identical coins on a smooth 
surface the effect can be demonstrated Compare the children’s game, 
the bagatelle, or hitting a row of carrom dice head-on with the strikes. 

Ex, I-3.30. 41 lb steel sphere hangs by a light thread 27" long. 
It is pulled to a horizontal position and then let go. It strikes u 5 ib 


mass at its lowermost position elastically, kept on a smooth tuble. 
Find the velocities of the masses, 


Solution: (Draw the relevant diagram), The ball descends 
through 27” and hence developes a horizontal velocity of 
us [2% = V232 33 = 12 ft/s, 
After collision let the ball recoil with a velocity v, imparting a 
forward velocity of v, on the stationary mass. Then 
mu=m,v,—M,V, 
or 1x 12=5y,—1 xy, or 5y,—y, = 12 (i) 
Again from Newton’s law of collisions 
u=Vv,—(=¥,) Orv, +y,=12 
On adding (i) to (ii) 6v, © 24 or v, = 4 ft/s and v =8 ft/s 
(c) Perfectly inelastic Collision: To simplify matters we take 
the second mass m, to be initially at rest. After collision the two 
bodies stick together and move off wth a common velocity v. Then 
wehave m,u=(m,+m,)v Of v=m,u/(m,+m,) 
` Now the kinetic energy of the combined mass is 


(ii) 


` m,*u,® 
i Ami tmay =3(m +m) me 
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oh mam (Original K.E.) (3.15.6) | 

Thus after collision a fraction (u) of the original K.E. remains in 
the combined mass and let that fraction be denoted by 

2 mı 1 
C= m 1mm) (l+malm,) ERR 

Obviously the rest of the kinetic energy is dissipated in the form 
of heat and sound. Energy is not conserved in this case, Amount of 
energy dissipated depends upon (m,/m ,) and we consider three 
important cases—(i) m,>m, (ii) m,|m,=1 and (iii) m, EMs 

In the first case, (m,/m,>9) and aœ1 and all of the initial energy 
remains and none is dissipated, This happens when a big mass hits 
a dust particle at rest. 

In the second, we have 


dissipated. 
In the Jast case m,m, >> and a™0 so no kinetic enery is 


re’ained, the whole of it dissipated. This is exemplified when a lump 


= }mu,* 


ac} so that half the kinetic energy is 


of mud or butter falls on the ground and does not bounce. 


Ex. 1331. A body of mass m moving with a velocity V in the 
X-direciion collides with a body of mass M moving along the Y-axis 
with a velocity V and they coalesce. Find the momen‘um of the com- 
bined mass and the fre crion of the energy converted into heat during the 
collision. (LL. 77) 


Solution: Let the combined mass (m+M) move off with a 
velocity u at an angle 0 to the X-axis. Resolving its momentum 
along X and Y directions respectively we get, (Draw the relevant 
figure yourself). 

mV = (m+ M)u os 0 

and My=(m+Mu sin 0 

s. m?V? +My? (n+ M)’u’ TOA T 

(Velocity)* of combined mass = 5 yi +My 
(m+ M)* 


Its (Momentum)* =m*V* +My? 
and the direction of momentum is given by 
us /mV =tan 0 ie. @=tan-* My/mV 
Jnitial kinetic energy E,=4mV"+ 4 My? 
Final kinetic energy E,= (m+ Mju" á i 
‘m° V3 + My 
=}(m+ M) nF M 
m*V2+M*y? 
m+M 
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Hence the dissipated fraction of initial kinetic energy will be 
By Ee mM Vey 
E; m+M Mv” +mvV? 


Ex. I-38. 2 4 15 g bullet travelling at 363 m/s horizontally gets 
embeded in an 1,8 kg block of wood hanging at rest by a 3m long 
threud, Find the angle through which th: combined mass swings out Y 
Take g = 10 m/s?. 


Solution: Refer to the adjoining fig. 


Initial momentum = 15 x 10-* x 363 +0 
Final momentum = (1.8 + -015)y 


Velocity of the combined 


mass 
y = 363 x 0.015 
BRA i 


ItsKinetic energy =3(m-+M)v* 
and Potential energy at the: 
end of the swing (m+ M)gh 


3(m+ My? =(m+M gh 


te he rw 363" x 15% x 10-8 9 
2g” 2x10x(1815 20” 
Now, from the figure h=1— 1 cos g 


: 9 17 
sa 3(l- =h : = i 
(1 — cos 0) ha" “. COS @ 20 


Problem. Two masses A and B of masses 100 and 400g: 
approaching each other at 100 and 10 cm/s respectively suffer a 
head-on collision and stick together. 


y Find (i) the direction of movement of the combined mass 
(ii) distance covered in 10 s and (iii) rise in temperature if the sp, 
heat of either is 0,1. MSE °71 j 


Ans (i) as of A (if) 120cm (iii) 23x10 


(a) Partly Inelastic collisions: In discussing it an important 
quantity is necessary, the Co-efficient of Restitution. For two bodies 
moving along the same line with velocities u, and u, and colliding, 
the relative velocity of approach is (u,—u,) and that of their 
Separation is (v, — y 1)» Newton from experiments arrived at the law, 
that the ratio between these relative velocities for given materials is 


NEWTON'S LAWS OF MOTION 1317 


almost a constant. This ratio, the coeffi-ient of restitution is 


defined as ¢ 
Relative velocity of separation _v.—V 
= -Relative velocity of approrch "a iy (1-3.15.8) 

When e=1, the collision is said to be perfectly elastic, ‘egn 1-15.,ii, 
p 124 ) when e=0, it is perfectly inelastic, when e<1it is partly 
elastic and for hyperelastic collision e>1. 

A term resilience is relavant in this connection, Perfectly elastic 
bodies are perfectly resilient and such bodies bounce back very 
quickly and they are very hard Softer the bodies, less resilient they 
are and more slowly do they rebound. Resilience of a body is its 
ability to suffer elastic deformation with ut. being permanently 
deformed. Restitution is ability to resover from such deformation. 

In partly inelastic collision colliding bodies do separate after 
collision but the relative velocity of separation is less than that of 
approach. From the equation above we have 


Ve—Y1_ or (u,—u,)e= Y7} (i) 
Yata or (umien "a i 
l Also, MU, Msg =M, V, MYu (ii) 


Now by multiplying (i) by m, and adding to (ii) we obtain 


e= 


| y, am — em, tmel! +e) dii) 
è m,+Ms 
and similarly petite ate =em,) (iv) 
1 s 


Loss of energy is given by 

(imu, + iMai") — Amv? HAM") 
$ 
+ i 


te +m Clem, = my ongue, PF mates”) — (m, +») 
a * 

(miv.® +m Va" )) 
rie = Craega Hm im, (a= t," = (mva APT 


zr mM,Ma Va i v)°) 


| abn Caent)" + mnt aana (Ma PINs) 


—m,mie*(u,—Us)'S 
=p applying the results (i) and (iii) above j 
ay Mms (u =u) (1 e") (1-3. 15,9) 
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Since e<1 and u, >us, the expression is a positive one and hence 
there is a loss of energy for partially inelastic collisions, 

When e=1 i.e. collision is elastic there is no loss of energy 
according to the above equation, as we have already deduced in 
1-3,14.1, If e=0 i.e, the collision is inelastic and the bodies get stuck, 
maximum loss of energy occurs, for one of them stops, 

Ex. I 3.33. Two spheres of masses 5 and 2 kg travelling at 10 


and 5 mls respectively in the same direction, collide, Find their 
velocities after impact and energy wasted if e=0.6. 
Solution : From definition v, —v, = 0,6(10—5)=3 m/s 
From momentum conservation, 5x 10+2x5=5y, +2v, 
Solving from the two expressions v, =7.7 m/s and ¥g=10°7 m/s 
From equation I-3.15 9 Loss of kinetic energy is 


m,m Sule ETE Ra 
bin FA (u, —u,)*(1 eatz a05) (1-0 .6)?=11,43 J 


(a) Partially Inelastic collision between a sphere and a plane > 
For simplicity we arrənge to drop a sphere from a height h on a fixed 
horizontal plane. Its velocity just before striking the plane will be 
obtained from u*=2gh and that after striking y?=2g¢H where y is 
the velocity of rebound and H the maximum height it rises. The 
collision is direct je. head-on, for both uand y are vertical, Here the 
relative velocity of approach between the sphere and the plane isu 


extaV2eH s 
a -JaN A 
If a ping-pong ball falls on a hard floor it will jump up and down 
a number of times before stopping, each 
time rising less than ‘the previous one 
fig. 1-3.34), We find below the total distance 
covered before it stops, 

eth After the first rebound the -ball rises by 
H=e*h and falls through the same height. So 
just previous to the second rebound the total 

distance covered is h+2H=h+e*h, 
Fig 1-334 On bouncing a second time the sphere 
should rise through e? e°4) or eth and falls through the same height 
and thereby cover up h+2e%h+2eth, Similarly after the 3rd 


H=e*h (I-3.15,10) 
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i "rebound the height will be e?°(e*h, and cover a total distance :of 
we h+-2e%h+ 2c*h-+ 2e%h. i 
s. Total distance covered =h+ 2e°h+ 2eth+2e%h+:-to œ 
=(2h+2e*h+2e*h+---)—h 
=2hjl+e* +e +e +---to o) -h 


a. Oh. 
5 EERS h 

2h—h+he® _hil+e,? 

| Ahe ear (1-3,15.11) 
: Total Time taken can be found similarly. Time to fall to the 


floor for the first time is t=+/2h/g as the ball is falling freely. It 
jumps up with a velocity y= eu and the time for it to go up and down 
will be 2(v/g) = 2eu/g = 2et, After the second bounce it starts with an 
: upward velocity of y=e7u ; SO the time to go up and down will be. 
. 2e" u/g=2e7r and so on. 
Hence the total time taken will be 

: t+2t,+2tgt-to œ =t+2et+2e*t--to © 
ae. =2(ltete*te*+--)—t 
te E EATE (13.15.12) 

l-e (1—2) g l-e 


I-4 
FRICTION 


1-4.1. What it is, It is a force brought into play whenever 
there is a relative motion or tendency to it between two surfaces, It 
is one of the action-reaction pairs of the 3rd law of Newton, Newcon’s 
First law says, no body moving uniformly along a straight line should 
ever stop; but our every day experience shows just the opposite fact 
—all moving bodies stop after covering some distance apparenily 
without cause, Force is required to maintain it moving uniformly in 
a straight line, If Newton's law is true then this fact indicates that 
movement of bodies is always opposed, That is, moving bodies always 
face a resisting force which comes iato play ; even when a body tends 
to move but as yet does not, it is opposed as we know, This is the 
frictional force defined as that force which is brought into play 
whenever there is relative motion between two surfaces in contact ot 
even a tendency to such ; this force acts at points of contact be:ween 
the surfaces and always opposes that motion or tenZency to it, 
irrespective of the direction of motion, 

So we have to spend more energy for motion than we need 
to, because of friction ; it always leads to wastage in the form of 

i irrecoverable heat energy ; it causes wear and tear of moving parts 
of machinery and shorten their lives ; much effort and ingenuity go 
to just reducing friction; it cannot be eliminated, We have listed 
only a few of its disadvantages, But in our daily lives, friction is very 
important, for it tas many advantages as well, Without it we could 
not walk or lesn, could not hold a pen and it would not write, a wall 
or a piece of wood would not hold a nail, wheeled transport as we 
know, would not be possible for they could not be braked to a stop. 
Such advantages flowing from friction can be multiplied, without 
number. 

The c advantages of friction have made it the most important of 
ee forces, Whatever be the direction of motion, friction 

re i.c. it o motion i 
direction, The one aki that a oo ee aed 
heat and under favourable circums' i — 
under ances as light and sound as you 
must have noticed. 


CTION 


© 14.2., Types of Friction, Friction appears between two surfac 
in contact, The surfaces may be both solids, one solid the other fli 
or two of same or different fluids, This last is said to b> viscosity. 
Solid surfaces may be two extended planes ¢ g. a large block sliding 
over a table-top or an inclined road ; or one rolling over another, — 
‘The surfaces may be dry or wet and of course of diverse materials, — 
“Fluid friction occurs when a solid moves through a fluid, like a boat 
through water or a balloon through air or when a fluid (liquid or gas) 2 
flows past stationary solids like tall buildings or bathers in a river, — 
Again there is friction when there is relative motion (kinetic friction) 
between surfaces and when there is no motion but a tendency to 
move (static friction) Only one of these diverse and complex cases 
we shall study in some detail—sliding friction of the siatie type 
between two dry, plane, solid surfaces. 
Note that friction involves bodies, not particles. ( Why?) 
148. Sliding friction. Consider a heavy body resting on a 


te) 


Fig. 14.1 
horizontal table 5{ fig. 1-4.1(a)} Its weight W acts vertically 


w= sad, 
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downwards. The reaction R of the table acts on it vertically upwards. 
Since the body is at rest, these two opposite forces are equal. They 
act along the same line through the C.G, but are shown separated in 
the figure for clarity. If we now apply a small horizontal force P to 
the body it will not move [fig. I-4,1(b)]. This force will be balanced 
by the force of friction F which now comes into play at the surface 
separating the body form the table. P and F must be equal and 
opposite, Their lines of action are parallel, Sis the resultant of F 
and R, The spring balance records the force applied. 

As we increase P, F also increases and still balances P. But when 
Pexceeds a certain value, the body starts to move [Fig. I-4.1(c)]. 
After the motion has begun, the value of the force of friction slightly 
decreases (Fig, I-4,1(d), The force of friction reaches the maximum 
yalue just before the motion begins This value is called the 
lim'ting friction (or the limiting value of static friction) The slightly 
smaller value when the body is moving uniformly is called the force 
of kinetic friction. 

Fig, I-4,1(e) is a graphical representation of the relation between 

_ the force applied as read by the spring balance and the friction 

developed. OA represents the condition of rest. Applied force is 

| increasing while enough of friction is being generated as to prevent 

motion ; this part represents static friction, When the force applied 

is OE, the body is on the point of starting. OL represents the limiting 

friction, A force greater than OE makes the body move, If the 

body moves with constant velocity it does so with a slightly lower but 

constant Kinetic friction OK, Pull a heavy cricket roller from rest to 
uniform motion ; you will realise that the above statements are true. 

Summarising, we may say that 

(i) Friction is a self-adjusting’ force, increasing from zero to a 
maximum. So long as there is no motion, just as much of it comes 
into play as is necessary to prevent motion, 

(ii) It always acts in the plane of sliding and its direction is 
always opposite to that in which the motion occurs or tends to 
occur, 

(iii) When the surfaces are just on the point of relative motion, 
the force of friction is the greatest. This value is known as the 
limiting friction, and the equilibrium is called limiting equilibrium, 
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(iv) When motion occurs, the force exerted by friction against - 


the motion is Jess than the value of the limiting friction and is ` 


called the force of sliding friction, (also kinetic or dynamic 
friction), $ 

Static friction relates to the friction so long as the body. does 
not move. Kinetic friction is the friction during motion, uniform 
or not, 


L44. Laws of static friction. Some general results relating 
to static friction between two dry solid surfaces, known as the ‘laws 
of friction’, are as follows, They are approximately true within 
limits and summarise human experience. They were formulated by 
Coulomb, but initiated by Leonerdo da Vinci, 

(i) For a given pair of surfaces limiting friction F is proportional 
to the normal force R acting at right angles to the plane of contact 
between the surfaces, The ratio F/R=p is called the coefficient of 
static friction between the two surfaces. 


+ oF stoti _ F_ Limiting friction, 
Coeff, of static friction = Ro Normal reaction ction (1-4.4 1) 


(ii) Toe limiting friction between two bodies in contact depends 
upon the following two factors :— 
(a) the nature of the substances ©} 
(such as wood, iron, leather etc.) ; 
(b) the condition of the surfaces (moist or dry, plane or 
rough, etc.) 
(iii) The limiting friction is independent of the area of contact so 
long as the normal force pressing the bodies together, remains 
unchanged. Thus a brick lying flat on a floor, or standing on edge, 
will suffer the same frictional resistance to its motion, This is 


f which the bodies are made 


surprising, but true, 
(iv) When motion» occurs, the force F’ of sliding or kinetic 


friction is proportional to the normal force R between the surfaces, 
The ratio F/R=M, is then called the coefficient of sliding Or kinetic 
or dynamic friction. 


Coeff, of kinetic friction Pg= Force of sliding miian (1-4.4.2) 


* This is a relative motion without acceleration. 
12 


138 MECHANICS 


~ (y) Within wide limits the force of sliding (or kinetic) friction is 


LL 
Wood on wood 0.2 10 05 Wood on stone 0.6 to 0,7 


“independent of the relative velocity between the surfaces, and their 


“areas of contact provided the normal reaction‘is the same. Kinetic 


(or sliding) friction is by far the more important in practice, ‘When 
w body is at rest, but a force of friction is operating, its value is 
"rarely the limiting value. In practical cases.we are more concerned 
with bodies in motion with friction opposing motion, Thus it is the 
(kinetic or sliding) friction which is the one to be considered. 
Table I. (Coefficient of Sliding friction) 


— 


Leather on metal (dry) 0.56 | Earth on earth 0,25 to 1.0 
Pa a (oily) 0.15 | Smooth oiled 
Metal on metal surfaces 0.03 to 0,036 
(dry) 0 15 to0.2 | Iron on stone 0.4 


Experimental Verification : Horizontal plane method. The 
arrangement is as represeoted in fig. 1-4,2. A siring passing over a 
pulley connects the movable 
block A with a scale pan on 
which different weights W 
can be placed, The load on 
the pan is slowly increased 
until A starts moving. If F is 

Fig, 1-42 the total weight of the scale 
pan and the load on it, and Ris the normal reaction on A, then 
Ne Ha, the coefficient of static friction, R is obviously the weight 
y eed E i ta with that of any additional load which may 
string and SAINA ternatively, hang a small spring balance from the 

g and pull downwards, gradually pulling harder, The spring 
balance indicates the force exerted as shown in the first figure 
With a slightly smaller load than F, Awill move with a Se sant 
speed if started by a light push, ‘The ratio of this load F’to R is u 
the coefficient of kinetic friction ; ieu, = FIR. ik 
Start the experiment anew with an identical block on top of 4 and 
gradually go on loading the pan. You. would find that double the 
Previous load is necessary to start or maintain the steady motion. 
The same will happen if the second block is flaced behind and tied 
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to 4 for starting the motion, This shows that static friction depends a 
on the total weight of the blocks i,e. the normal reaction, 


Again, try with the block standing on its shorter side, Same 
load would start moving it, as when it was on the larger side, i.e. 
friction is independent of the area of contact, 


Lastly if the table-top is very smooth, rough or wet or, is of glass 
or wood or metal, different loads will initiate motion in each 
case, 

L45. Rolling friction, Wheels change sliding friction into rolling i 
friction, It is far less than sliding frietion. 

When one body rolls on another, the supporting surface is 
slightly depressed at the place of contact (fig. 1-4.3), which results in 
the formation of a ridge (P) in 
front of the rolling body. The 
result is that the rolling body 
is constantly climbing a minute 
hill, Rolling frictlon is mainly 
due to this behaviour of the 
supporting surface ; molecular 
forces are also believed to play 
an important role, The rolling body is slightly flattened at 
the place of contact. The deformations are temporary and 
both surfaces recover as soon as the contact point shifts, The 
effect is smaller the harder the two surfaces. 

The laws of rolling friction are not so well known, The static 
value is, however, greater than the kinetic value, The coefficients of 
rolling friction are much smaller than those of kinetic friction, The 
force required to overcome rolling friction is inversely proportional to 
the radius of the roller. 

In rotating machinery friction is reduced by using ball bearings ; 
sliding friction is changed by this means to rolling friction, We 
shall elaborate it later. 

The appended table gives you an idea of static or limiting friction 
(ug), dynamic or kinetic friction ‘u,) and rolling friction ‘,) 
coefficients for a few pair of surfaces. 


Fig. 1-43 
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Table II ( Coefficients of Different Frictions ) 


Materials Ms Ux Ue 
Steel on steel 0.15 0.09 0,002 
Rubber tyre on concrete a CA o7 } 0.03 
Cast iron on steel 0.15 0.10 0,004 


1-4.6. Causes of Friction. 

Surfaces of solids are generally uneven. Even plane polished, 
surfaces on suitable magnification, are found to be far from being 
absolutely plane, Coulomb had carried out many experiments on 
friction, formulated the empirical laws of friction given earlier and 
distinguished kinetic from static friction. He concluded that friction 
between two solid, dry surfaces arises from their roughness which 
produce interlocking between their projections and depressions or hills 

„and dales, Hence polished surfaces should have less friction as is 
generally found, In fact smooth surfaces are taken to be frictionless, 
though that is not actually the case, 

For, experiments show considerable forces of friction between a 
pair of optically flat metal planes in a vacuum e, g. a copper block on 
a copper surface, both very smooth ; one will not slide over the other 
until placed nearly verticaly, Intermolecular forces must then be 
holding them together and prevent sliding, These forces called weak 
Van der bia forces of attraction ( s11-2,5 ) operate upto a separation 
of about 10A 10-9 m) and assume importance when the surfaces 
are very smooth and hence close, 

A clean metal plate left in air 
moisture on it, 
than that betwee; 
of adhesion bi 
materials, 


gathers a fine film of air or oxide oF 
The force of friction between two such plates is less 
n a pair of them in vacuum and arise due to forces 
etween the molecules of two surfaces of different 


The main causes of friction are believed to be the following : 
(a) Interlocking of surface irregularities 


(6) Action of molecular forces that Causes adhesion, cohesion and 
local welding ; 
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(c) Ploughing of harder projections through softer ones 

(d) Action of electrostatic forces. 3 

The principal role is believed to be played by molecular 
forces, 

All cases of friction may be classified into three types: (1) dry 
friction where there is no separating Jayer of air, oxide or moisture, 
(2) boundary friction when there are films of air, oxide or moisture 
on the two surfaces in contact, (3) fluid or floatation friction where 
there is a liquid lubricant in between the two surfaces, 

Minimising friction: It is imperative to lessen wastage of energy 
and prolong the lives of machinery by reducing wear and tear by 
minimising friction, Several methods are in common use, 

(i) Polishing surfaces : Generally, polishing of contact surfaces 
of relatively moving parts to a high degree, lead to less friction, parti- 
cularly if the materials are hard. 

(ii) Rolling friction. Table IL shows how much smaller than 
sliding friction is the rolling friction between same materials. Hence 
small steel ball bearings (fig, 1-4.4) are used to separate two rotating 


THIN FILM OF OIL 


PISTON 


CYLINDER 


Fig. I-44 Fig. I-45 
surfaces as in modern fans and cycle paddles, As the shaft rotates, 
the balls roll in the groove called a race preventing sliding altogether, 
In some cases rollers i.e. cylindrical bearings, replace ball bearings 
to better effect. 
(iii) Babbitting process. Some alloys called antifriction metals, 
like one of Pb and Sb, diminish friction, Bearings are packed with 
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this alloy which gives for steel less friction than is the case with steel 
sliding over steel, 

(iv) Use of Lubricants : A lubricant is a substance which, when 
placed in between two surfaces, minimizes the force of friction 
between them. It separates the two surfaces so completly that either 
the projections and irregularities on the two surfaces do not touch or 
there is a great reduction in their inter-locking, Lubrication changes 
sliding friction into fluid friction, 

_ It should be remembered that the force of friction will depend on 
the properties of the lubricant, specially its viscosity. 

Formerly a thin film ofa soft metal like lead or iridum was 
spread on steel or copper to reduce the force of friction, Later, it 
was found that a liquid lubricant serves the purpose better, To be 
good as a lubricant,a liquid should have the properties (1, of viscosity 
(2) ofadherence to solid surfaces and (3) of chemical stability 
These properties are possessed by mineral oils, They serve as good 
lubricants and maintain a multi-molecular film between two 
_ surfaces which minimizes the force of friction between the surfaces 
(fig. 1-4.5). Vegetable oils like castor oil, have the property of 
forming adhering films on solid surfaces due to the presence of fatty 
acids in them, In one respect therefore they serve better as lubricants. 
Now-a-days, a mixture of mineral oils and vegetables oils is prepared 
asa lubricant, Sometimes a little of colloidal graphite is added 
to the mixture to great advantage, 

In Hovercrafts and specialised railroad transports air layers are 
being used as fluid lubricants, 

Again, friction is sought to be increased in Many cases, Belts 
coupling two revolving wheels are made broad, rough and of yielding 
materials so as to increase the number of contact points and greater 
interlocking, Brake-shoes of cars are made especially rough, tyres and 
Shoe-soles of special design and Tough, yielding materials so as to 

have a better grip on the roads ; sand and earth are sprinkled on rain- 
Wetted steel rails to preveat slipping of locomotive wheels or car tyres 
on muddy roads, Writing paper is not made very smooth or glossy. 

em RE Cae os 
the rod tio e push R be exerted along 

; (Fig. 1-462) where O is the centre of the 
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axis of the roller. OC represents R Resolve OC into two 
components OB and OD, f 
parallel and perpendicular 
to the ground respectively 
and call them P and Q. 
The effect of Q is merely 
to press the roller to the 
ground, Q is opposed by Fig. 1-4.6(a) q 
the reaction of the earth on the roller, and does not produce any 

motion, The component P is the effective part of which moves the 

roller along the grout d. While pushing, the component Q presses. 
the roller to the ground and increases the frictional resistance to the 

motion of the roller. 

When the force applied 
to the roller is a pull. 
(fig. 14,6b), Q is directed » 
vertically upwards, It acts 
in opposition to the weight 
of the roller and thus 
reduces the total force 


Fig. 1-4.6(b) 


with which the roller is pressed to the 
ground This diminishes the frictioaal 
resistance to the motion, It thus 
becomes easier to pull a roller than 
to push it. 

(2) Itis easier to move a barrel 
full of pitch by rolling it than pushing 
it, (Hint: ur<Ur }- Same is the 
case for large heavy tyres being rolled 
along a road. Wheels had been 
devised by early man for heavy 
transport vehicles as he had observed 
that it was easier to roll logs or tree- 
trunks along, than either pushing or 
pulling it over rough ground. 

(3) In walking over smooth ice short steps are necessary. While 


Fig. 1-4.7 
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walking on ice (ora polished surface) we should take short steps if 
we are to avoid a slip and a fal), In taking a longer step we exert 
on the grounda force P which is more inclined to the vertical 
than to step were short (fig. I-47), Its horizontal component 
Q may then exceed the maximum value ÆR of friction, The result 
is that friction can no longer support the foot which slips. 


(4) Why can we not walk on a frozen lake? Explain briefly. 
(8.8 Q) [ S. S. Q. -»Samsad Specimen Questions ] 


Ans. In walking, the horizontal component of the reaction 
between the foot and the ice provides the force for forward motion 
Friction allows such a force to be exerted, The coefficient of friction 
between the foot and the ice is almost zero, Hence friction is unable 
to exert any horizontal force on the foot-step, In attempting to walk 
therefore the man will fall forward. Further, regelation i.e., melting 
of ice underfoot, by pressure into water, reduces whatever litile 
friction there is, 

(5) How could a person completely at rest in frictionless ice 


cross a pond to re.ch the shore, rolling. jumping’ icki i ? 
Esplain briefly, (BBQ), Mehing his feer 


Ans. The man is practically an isolated or closed system, No 
horizontal force can act on him in the absence of friction, In rolling 
or kicking the feet, only the internal forces in the closed system do 
work. According to the principle of conservation of momentum, such 
action cannot impart momentum to the system, So he cannot move 
towards the shore, 

If, however, he had a sufficient number of stones at his disposal 
he could, by throwing them in one direction, move jn the opposite 
direction by recoil, 

(6) Why is it difficult to walk on a slippery surface ? 

Ans. In walking we push back on the ground with one foot. 
The ground must be capable of exerting a force equal and opposite to 
the horizontal component of this thrust This is ordinarly supplied 

by friction, 
i A slippery surface has a very small coefficient of friction, So it is 
incapable of exerting much horizontal force If we use very short 
Steps it may be possible to walk on such a surface, But if we use 
longer steps, the thrust on the ground the foot exerts will be more 
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inclined to the vertical, Its horizontal component becomes larger. 
The surface may not exert an equal and opposite frictional force, The 
result will be a fall. 

Note that the last four problems are basically the same. 

To increase the friction underfoot mountaineers, runners, 
atheletes, footballers and cricketers use spiked boots, 

Example 14.1. 470 kg skater on ice throws a 3 kg stone with 
a velocity of 8m/s in a horizontal direction. How far does he recoil if 


Pg = 0.02 ? 
Solution : We have from conservation of momentum 70 x y = 3x8 


where y is the initial velocity of recoil, 


The frictional force opposing his recoil is 
F=MgR=0.02 X10.x9.8 N 
<. Retardation produced is f= ym= 0,02 x 2 m/s* 
5 


If s be the distance of recoil then O* =u- 
or (24/70)2=2x002x98xs whence s = 0,3 m 


It is particularly difficult to walk or drive over smooth ice not 


only because of very smal] (> 
of ice under pressure (see Regelation under Heat), when water 


produced lubricates the path, and makes it slippery. 

(7) A smaller force is necessary to keep a heavy ro 
than starting it ? { Hint: Think of #, and tty. ] 

(8) To move a tall block on a rough table it must be pushed at 
points -nearer to the table-top. Xf that is not done, the block will 
topple over instead of moving forward. It is a question of Stability 
due to friction. Consider a rectangular block ABCD resting on a 
rough horizontal plane ( fig. 
1-4.8), Let a horizontal force 
Pbe applied at K. Ifpe is the 
cofficient of static friction 
between the surfaces and W the 
weight of the block, the block 
will not slide until P exceeds h W. Fig, 1-48 
Before P reaches this value the 
block may topple. The turning moment of P about Bis Px KB. 

_ Tais is opposed by the moment Wx EB. So long as Wx EB is greater 
than Px KB, the body will be in stable equilibrium, But if PxKB 
exceeds Wx EB, the body topples over. 

The limiting condition for toppling is PxKB=WxEBie, PIW 


ller moving 
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=EB/KB. The limiting condition for sliding is P/W=yu. The body 
will slide if P>pW, aad topple if P>W x BB/KB, but less than uW. 

We return to the problem in the Chap, I-7, when discussing 
stability of a regular body on a rough incline. 


(9, Multiplication of Pull by Friction. The Rope Brake. A man 
pulling ata long rope wound a few times around a stout wide 
7 cylinder can hold even a ship 
fastened at its other end. In the 
chapter on Hydrostatics you will 
come across a device called the 
Hydraulic Press where a small 
force applied at one end can 
develope force enough to crush 
sackfuls of oil-seeds or chunks 
of stone, 

Ifa pull 7, is applied at the 
end ofa wide band coiled a few 
times round a cylinder it is found 
to balance much larger pull 7, at 
et end, hi pe of the two tensions (7,/7,) being c#? where 
epia _ eat iy betweea the surfaces of the band and the 
and 602.7128 «im n radians of the band, round the cylinder 
Of turns greater al are function, Clearly larger the number 

6, and greater the ratio TIF. 


pare 6 and Motion on a Rough Horrizontal Plane : 
Prices pate ii long as the force applied parallel to the surface of 
nove ADD tesa the Jimiting frictional force, the body will not 
ie uae condition the applied force P= F,=y,N 
M is U coefficient Of friction between the two surfaces and 
N the normal reaction force between the two surfaces, 


Ex I Pi 
palms A ait ve hrs book weighing 2 Ibs between’ his two 
Sorce of 5 lbs. Find p between the bod z a pin UEY ‘ 


Fig. 1-49 
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Problem. A man lifts a 16 kg can of mustard oil by pressing his. 
alms against its vertical sides, Find tte force applied by each of his 
palms if = 0°25. (Ans. 64 Ibs-wt) 
Ex I-43. An engine driver reduces the speed of a train in3,3s 


from 47.5 km/h to 30 kmjh. What must be the limiting coefficient 
f friction between a suitcase and the rack so as just to prevent 


slipping ? 


fr 


_.,. The force on the suitcase = mf, 
_ The normal reaction between the suitcase and the rack = yg. 


For just preventing slipping, mfy = nmg 


17 
m=fidg= 36x3.3 en ee 
( See Relative acceleration fig. T-2.25 ) 
B. Motion: To produce motion on a rough surface the applied: 
force P must exceed the force of kinetic friction F and the effective 
force parallel to the surface of contact producing motion is 
P- F~ ma 


_ (415 —30)x 1000/60 x60 pga 


or P=pyN-+ mas mmg mI= mug +) (14.8.1) 

Ex. 14.4. A 50kg block rests on a horizontal table. A 
minimum force of 44 kg. wt. acting at 60° through a rope above the 
which may be kept moving uniformly 


“horizontal just starts the block 
with 36 kg. wt of force along the-same direction, Find ji, Hx and the 
frictional forces ; also the frictional force when the pull is 12 kg wt 
along the rope. 
Solution: The applied forces parallel to the direction of motion 
are P, cos 60° and Ps cos 60° i.e. 22 kg-wt, and 18 kg-wt. respectively 
e a, X50 = 22 kg. wt. f pi” 044 
Pex 50 18 kg. wh pa 0,36 
Frictional forces are 22 kg.-wt, 18 kg-wt and 6 kg-wt, 
Ex. 1-4.5. A chain of length I is on a table with a portion I’ of it 
hanging from the edge of the table. Find the maximum value for I' so 
that the chain is on the point of sliding. 
1 Solution: fp be the density of the material of the chain then 

the weight of its hanging portion is «/’pg where « is its cross-section. 

Now the limiting frictional force between the chain and the table just 
prevents motion. The weight of the portion of the chain on the 

table is (/—1')<Ag- So for terminal equilibrium 
‘ M1) «Pg = «l'P8 

+ b= Blu +1) 


147. 


= Solution: The retardation of the train ier 
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Problem: A one-meter long iron chain lies partly on a stone 
table with 28.6 cm, length hanging from the end, just on the point of 
slipping, Find y between iron and stone, Ans 0.4 (nearly) 

Ex. 1-46. The take-off velocity of a plane of mass 10,000 kg. is 
80 km/h and it requires 100 m of the runway to gain that speed. What 
force must the engine develope to achieve this if uy between the runway 
and the tyres is 0,2 ? PILT. 274 

Solution: Final velocity =80 km/h=(200/9) m/s 


Acceleration developed =4(v* —u*)/s= eo )* =m Sf 


Force required to build up this acceleration 
F,=ma=10* x 200/81 N 
Force to overcome friction F, = umg = 0.2 x 104 x 9,8 
<. Total force= F, +F, = 1042904 1.96)=10* x 4.43 N. 


Ex. 14.7. Atrain of mass Mis travelling on a leyel line ; the last 
carriage of mass m becoming uncoupled, the driver notices it after 
moving a distance | and then shuts off steam. Show that when both the 
parts come to rest the separation between them is MI/(M-+-m), if the 
resistance due to line and air friction be uniform and proportional to 
the weight, the pull of the engine being constant, [ Cambridge ] 
Solution; Let the train be moving with a velocity u before 
uncoupling, Since it is uniform, the pull of the engine = Opposing 
frictional force on the train, By question this frictional force « its 
weight ie F=KMg. The pull exerted by the engine is also the 
same KMg. 


i Now this pull remains unchanged for a distance 7 for the driver 
‘is unaware of uncoupling but the mass of the train has diminished to 
{M-m). Again because of uncoupling, the frictional force reduces 
to K(M—m\g as the mass of the train has diminished, So the 
un! ced force exerted by the engine on the truncated train is 

KMg — K(M—m\g =Kmg 
and hence the acceleration of the train a= Kmg/(M - m) 


Next, if y be the final velocity of Ans ; 
the distance / then we have, ity of the truncated train in covering 


vt u* 4 2al=u* 4 Kg, I 
The frictional fi ae 
e frictional force on the deta i i 
-deceleration will be ‘erat a 
k a, = Kmg/m= K; 
Let it stop afier covering S, ; then AEA 2Kgs 
1 


As the driver shuts off steam after coveri 
€ verin i 
deceleration of the truncated train would be moe ef the 
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If the train stops after covering s,, then v? =2a,S, =2Kgs, / 
2Kmgl 
Now y2=u? +7 or 2Kgs,=2Kgs,+ ok mel 


Se=S, oF s,—5, 


MLSS 
M-m 

The separation between the detached bo d ‘th 

train with therefore be sip Mvmt alive: 
i Mi i 
s=l+ea s) a 

Ex. 1-48. A stick presses on a floor with a force equal to the 
wt of 2 kg at an angle of 20° to the normal to the floor. 2If u between 
the floor and stick be 0.4, will the stick slip? Cos 20°= 0.9397 

Solution : (a) The force exerted by the stick on the ground is 
2x9.8 N. Its vertical component (V) will be 2x 9.8 cos 20°= 19.6 
x 0,9397 N, The fictional force F= pV =0,4 x 19.6 x 0.9397 = 7.37 N 
will be acting along the floor. 

Now the horizontal componet of the applied force is 

H=2x9.8 xsin 20°= 29.8 J 1 = (0.9397)* 
=6,70 N 

Frictional force being greater, the stick will not slip. 

(b) The conclusion can be confirmed from a consideration of angle 
of friction p. See below 1-4.9B, Now from Eq. 1-4.9,3 

tan p=u=0.4, Then p= 22,8° (From tables) t 
Since the angle of application is 20°, the stick will not slip. 


m.l 
t-m 


C. Measurement of the coefficient of friction 

Inclined plane method. In this method a block of one material 
(A; fig. 1-4,10) is placed on an inclined plane of the other 
material, The inclination 
of the plane with the 
horizontal is gradually 
increased until A starts 
sliding down the plane, 
The angle of inclination 
« is measured, From 
Eq, 1-4.9,1, tan «=p the 
coefficient of static friction Fig. 1-410 
between D and B. 

At a slightly smaller angle than the above, A will slide down the 
f started from rest by a gentle push, If 


plane with a uniform speed i 
this angle is 0, then tan 0=pk the coefficient of sliding friction. 
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The component W sing of the weight parallel to the plane just 
overcomes the frictional force during the downward motion without 
acceleration. 

To find yu, or ux several observations have to be made for each and 
the average value taken. 

In fig, 1-4.2 we have already learnt how to measure them on a 
‘horizontal plane, 

149. Equlibrium on a Rough Incline. Unlike the horizontal 
plane a force arising from ever-present gravity, its component along 
the incline, tends to move the body and friction opposes it. We 
introduce two new concepts to deal with this motion, 

A. Angle of repose and angle of friction. Let a body 4 of 
weight W (fig. 1-4.10) rest on an inclined plane B whose inclination 
o to the horizontal can be changed at will. If the weight W be 
resolyed along and normal to the inclined plane then, for equilibrium 
of the body, we must have normal reaction R= W cose, and F=W 
sin 6, where F stands for the force of friction, i 


Let the inclination of the plane be gradually increased so that the 
body is just on the point of sliding. Let the inclination now be 0=4 
In this limiting condition, we get the coefficient of static friction, 


u=>5= —“=1an «. (1-4.9.1) 


The angle < is called the angle of repose, It may be defined 
as the maximum angle of inclination that a plane may have before 
a body on it begins to slide under the action of its weight, 


B. Angle of friction, Fora body in limiting equilibrium, if 
Bee oe See the friction and the normal reaction be 
compounded into a resultant force (S; fig: 
1-4,11) the angle which this force makes 
with the normal reaction is called the angle 
of friction and the resultant force is called 
the resultant reaction, 

In fig. 1-4.11 let O be the point of contact 
a... ef me bodies and let OA and OB represent the 
eE a aia limiting friction F= uR and the normal reac- 

Pectively. Let OC represent the resultant reaction S. 
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Then the angle BOC=6 «is the angle of friction, From the figure 
we see that 
S= Ju? R* +R =R ETE (I-4.9.2) 

and tan $= PRIR -= W. (I-4.9,3) 

Hence the coefficient of static friction is equal to the tangent of the 
angle of friction, From Eg. I-4.9.1 and 1-4,9,3 it will be seen the 
angle of friction and the angle of repose are equal. 

It follows from this equation that the greatest angle which the 
resultant reaction can make with the normal reaction, j.e. with the 
normal at the point of contact, is tan-'y, as we see below. 


C Cone of Friction, Let two bodies be in contact Draw a cone 


(fig. 1-412) with their common normal 
ONas axis, the point O of contact as 
the vertex, and p=tan-’# as the semi- 
vertical angle. Then the resultant reac- 
tion will lie within or on the surface of 
this cone, called the cone of friction. 

No force P whose line of action lies 
within the cone of friction can produce 
sliding motion, no matter what the 
magnitude of P may be, As may be 
seen from fig, I-4.12 the tangential com- 
ponent (parallel to the surface) of such 
a force is less than the limiting friction. 
Hence no sliding motion can occur. See Ex. I-4,8 above, 

Ex. 14.9 A body just starts sliding down an incline of 15° and 
keeps sliding without. acceleration when the tilt is lowered to 12°, 
Find us and uk. 

Solution; yws=tan«=tan 15° =0,2679 = 0:27 

u= tan 4“=tan 12°=0.2126=0-21 

1-4.10, A Force down an inclined plane. If in fig. 1-413 the 
angle of inclination 6 ofthe: plane, is greater than the angle of repose 
the body will slide down the plane. Let us be the coefficient of static 
friction and uz the coefficient of kinetic friction, Then F= W cos @ i 
the normal reaction, #,R=limiting static friction and u;,R=limitin 


Fig, 1-4.12 


kinetic friction. 
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The body starts sliding when Wsino>p.R. After motion starts 
friction reduces to mR from gR. The resultant force down the 


plane is therefore 
W sin 0 — uxR= Wisin 6 — uz COS 8) 
and acceleration a=(W/m)(sin g — ux cos 0) 
B, Equilibrium with the angle of inclination exceeding the Angle 


(F4.10.1) 
(1-4.10.2) 


of Repose. 
Obviously a force up the incline must balance the resultant force 


downwards as calculated above. This force P parallel to and up the 


| Fig- 1-4.13 Fig, 1-4,14 
incline may (i) just prevent the body sliding down or (ii) just start 
pulling it up the incline, 
(i) Referring to Fig 1-4,13, we shall have for just preventing 
slipping down 


W sin 6=P+y,R or P=W sin 0— u, W cos @ (I-4,10,3) 
If now 4 =tan « where x is the angle of repose then 
P=W ‘sin @—tan x, cos 9) = w (sin g— Sill 4: COs 6 
COS « ) 
= wsin@-<) (1-4.10,4) 


` COs 4 
(ii) Refer to fig 1-4,14, When P is large enough just able to 
Start the body up the incline we shall have 
P=4,R+W sin 0= mW cos 04+ W sin 6 
= W(tan x cos 6+sin 6) 
= W sin (9+4)/cos « (I-4.10.5) 
Herce to keep the body in equlibrium on the plane the force P 
must lie between the values W sin (@4.4)/cos « 
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C. Minimum Force required to pull a body up a rough 
incline. k 
Leta force P be applied up the plane at an angle ) to it, 
Then resolving P parallel and perpendicular to the plane we 
find 
Pcos\}=Wsino+u,.R and R=W coso- Psin X 
Then substituting the value of Rin the first expression and re- 
arranging we get 
P( cos N+ us Sin A ) 
= W(sin 0 4ps COS 0) 
P(cos \ cos a+sin À sin 4) 
COS 4 
for w,=tan 4 
_ Wlsin o cost +008 6 sin 4) 
cosa 


_ prin_ (+ 
or P= WOES (14,1066) 


or 


Pwill be a minimum when 
ERN 3 hi 

cos Q «) isa maimam, This He 415 
maximum value is unity when 
\=x. Hence the force required to move the body up the plane will 
be least when it is applied in a direction making with the inclined 
plane an angle equal to the angle of friction, 

Ex. 14.10. A block of mass 2 kg slides on an incline of 30°. where 
wis J3/2 Show that the block will not slids due to its weight only. 
Find (i: the force needed to move the block down without aceeleration 


and (ii) the force required to move the block up without acceleration. 
[ ILT. '76 J. 


Solution: Let 6 be the maximum angle of inclination for equili- 
brium, Then the normal reaction R=2x 9.8 cos @ and the frictional 
force would be ,/% R=2x9.8 sin 0 

tang= J3/2=1.225 &. 0 =50,8° (i.e. > 45°, 

But the given angle is only 30°, So the block will not slide dowe 
by itself, 

G) This is uniform motion i.e. P+ a 6=uR=uW cos 6 

= s3 _ 2 
or Pay /B: 2x98x 8 -2x9.8x4=109 N 


13 
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(ii) This is also uniform motion where P—wR=W sin 6 
or P= 2 2x98x-Y342x9.8 x 4=30.5 N 


Ex. I4.11. How.high a particle may .be inside a hollow hemis- 
` here of radius rif u, be 1/ v3. 

Solution ; _ Let the highest point reached, be at a height h at the 
point P inside the sphere, for 
the particle of weight W. The 
normal reaction R acts radially 
along PC and this equals the 
component cos ọ W of the 
weight. Its other component Wsin ~ 
6 acting downwards tangentially 
to the particle, is neutralised 


by the frictional force F=y,R. 


For equilibrium F= R=, W cos 9= W sin 6 
++ tang=4,=1/ J3 or 9=30° 
From the 4PDC we find 


h=r—r cos 9=1(1—cos @=r ich 


= 0,134 r 


T-4.11. Internal friction or Viscosity The property of a liquid 
by virtue of which it Opposes 
a relative motion of its layers §———*-———»——. surrace 
is called viscosity, When 


two beakers, one contain. —— LIQuiD 
ing alcohol and the other 
oil, are tilted from Side to 


side, much less mobility is UUM MM 20770 
observed in oil than in alcohol, 
Oil offers more Tesistance to 


the relative moticn of its la 
Viscous of the two liquids, 


Fig, 1-4,16 
yers and is said to be the more 


When a liquid flows slowly 
in contact with the 
adhesion, The next 
(fig. 14,16 ), the third Ja 


over a flat surface, the layer of liquid 
Surface remains stationary because of 
upper layer moves slowly over the first 
yer over the second and soon, The speed 
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of each layer increases with its distance from the solid surface 
Between two adjacent layers, cohesion» brings tangential forces 
into play, the faster layer tending to accelerate the slower and 
the slower layer tending to retard the faster. These tangential forces 
endow the liquid with the property called viscosity, They depend 
on the nature of the liquid and also on the area and the yelocity 
gradient of the layers, i.e., the relative velocity of two layers unit 
distance apart, 


The viscous forces do not act so long as the liquid is at rest, 
They come into play only when there is a relative motion between the 
layers, The force is thus of the nature of friction, and viscosity is 
sometimes called internal friction When water in a bowl has been 
churned, it is brought to rest after a time by the internal friction 
between the layers of water, 


Gases also exhibit internal friction or viscosity. A raindrop 
falling through air is retarded by the viscocity of air, The viscous 
‘drag’ increases with the velocity of the drop. After a time the drag 
reaches a value equal to the force of gravity on the drop, When 
this condition is reached the velocity of the drop increase no 
further, For the rest of its path it continues to fall with a constant 


velocity, called the terminal velocity. 


1-412 Coefficient of viscosity. When adjacent layers of a 
liquid are in relative motion, tangential forces operate between them 
tending to accelerate the slower layer and retard the faster. If A is 
the area of such a layer, y is the relative velocity between two layers 
distance x apart, and F is the tangential force acting on A, then F is 
proportional both to A and to v/x. We may, therefore, 
write 

Fe Ay/x, 


* A molecule which moves relative to othe: molecules is successively linked 
with and parted from the molecules with which it comes into contactin the 


course of its motion. 
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The constant of proportionality in this relation is called the 
coefficient of viscosity 7 of the liquid, Hence 


pans (1-4-12.1) 

x 

F1 
ee 1-4 12.2 
Ee a ai ( ) 


The quantity F/A is of the nature of a shearing stress, The quantity 
v/x is called the velocity gradient. 

We may, therefore, say that the coefficient of viscosity of a liquid 
is the tangential force per unit area per unit velocity gradient. 


Using the notation of calculus we may write dy/dx for y/x. Then 


ane (14.12:3) 
The dimensions of » is [ML-+T-1], 
The cgs unit of the coefficient of viscosity is called the poise + 
A coefficient of viscosity of 1 poise means that 1 dyne of force is 


required to maintain a tangential Velocity difference of 1 cm per sec 
between two surfaces each a sq cm in area and 1 cm apart, 


ime ee 
Poiseuille, a french physician, who investi; i i 
$ gated. the bood circulation 
through capillary veins, h 


+ 
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15.1. Uniform motion in a circle + The motion of a particle with 
uniform angular velocity in a circle corresponds to the motion of a 
particle in a straight line with uniform speed (that is rectilinear motion 
with uniform velocity) This is the simplest case of rotation. 

Consider a particle P (fig. I-5.1) moving in a circle of radius r. 
As it moves, the line drawn from the centre to the particle sweeps 
out gradually increasing angles. (This line 
OP is the radius vector.) Let this angle be 
measured from some standard position of 
the radius vector (say, from OA on the 
line OAx), Angle 9 which the radius roa 
vector makes with the standard line is 
called the angular displacement -of the 
particle, It is generally measured in 
radians. 

The angular velocity of the particle is the time rate of change of 
its angular displacement, or the angle turned through by it in unit 
time. If, and g, are the angular displacements at instants f, and 
t, respectively, then. the average angular velocity 
gahh (15.1 1a) 


Oty ts 


varw 
p 


Fig. 1-5,1 


Angular velocity is expressed in radians per second It is_treated 
as a vector along the rotation axis. The magnitude of angular velocity 
is angular speed So long as the direction of the axis remains fixed, 
it does not matter whether we call œ, the angular velocity or the 
angular speed. Like linear velocity or speed, @ may be constant or 
variable. When t,—t, is very very small, œ is called the instanta» 


neous angular velocity. w=8t; 1-0 = 2 (I-5,1b) 


The number of revolutions executed in one second is called the 
frequency of rotation of the particle, The time required to execute 
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one reyolution is called the period of rotation, If the angular speed 
is œ rad/s, the period 


T=2z/w seconds, (I-5 2.2) 
The number of revolutions executed in one second, i.e., frequency 
n=1/T=./2z per second, (E5,3.3) 


Ex, L51. A particle executes 200 revolutions in 5 seconds, 
Find (i) its frequency (ii) angular Speed (iii) period and (iv) the time 
required on turn through 90°, 

Solution: Frequency n=number of revolutions per second (rps 
in brief) 

=~ = 40 per second or 40 s-1 or 40/s. 
[ The unit of frequency has been named the hertz, symbol H;, ] 
Angular speed »=2xn=80x radians/second (or 80x rad/s ), w is 
. also called angular momen: 


Period T=} = second =0'024 s 


1 
40 per second 40 
Time to turn through 90° = ĉ28le turned through 
angular speed 
4 90° = 7/2rad. _ YS 
80x radians/second 80x rad/s 160° 


Relation between angular and linear speed. Suppose the particle 
(fig. 1-5,1) turns through an angle 6 radians in 1 seconds, Then its 
angular speed is w= g/t (rad/s). In this interval the particle describes 
an arc AP (Fig, I-5,1) of length s. 

Since angle in radians = length of arc 

radius 
Dividing by t, we get s/t=r.o/t 
or linear speed = radius 


» We have @=s/r or s= r0. 


X angular speed (in radians per second) 


In symbols, v=ro (1-5, 1.4) 
In a curved trajectory S= 19 or ds=r, da + 6.dr 
ds yd, 5dr 
i. rate, (I 5.1.5) 


ie, velocity has a second part involving change in the Tadius vector. 
This does happen in planetary motion along elliptic orbits (sII-1,15), 
Tn circular motion ris const and hence eqn (1-5.1.4 , holds, 


Ex 152. A stone is whirled at the end of a String I metre long 
and fe teribes 6 revolutions in 4 seconds, Find its angular and linear 
Speeds. 


E? 


` path the stone teads to move 
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Solution: In 6 revolutions the stone describes 6% 2x =12% 


' radians, 


angle described _ _ 12m rad å 
time taken in doing so 45 sabia 
Linear speed =radius x angular speed in radians per sec. 

= | metre x 3x rad/s =300xcm/s=942 cm/s. 


15.2. Centripetal Force, Aczording to N-wton’s first law of 
Motion, a moving particle will, due to inertia, continue to move ina 
straight line unless acted upon by some external force, This property 
is the directional inertia. 


.. Angular speed = 


If we want a stone tied toa string to describe a circle, such as 
ABCD (Fig. I-5.2.), with a constant speed, we must apply some force 
here Mg on it to keep it on the circle ie. to overcome directional 
inertia, At every. point of its 


along the tangent to the 
path, ie., along AA” at A, 
along BB‘ at B, etc, Ifyou 
cut down the string the stone 
will fly off tangentially as you 
can verify yourself. Since the 
speed is to remain constant, 
the force applied cannot have 
any component in the direction 
of motion of the particle ; 
if it has, it will then produce 
an acceleration in the direction of motion and thus | change the 

speed, The force must therefore everywhere be perpendicular to 

the path, i.e., it must be directed towards the centre of thes circle, 

along the radius ; for radii are normals at every point on the 

circumference, 

When a body moves ina circle, the inward force which, acting 
towards the centre of the circle, keeps the body moving along the circle 
is called the centripetal centri-center, petes-seeking) force. The 
agent here, your finger or the hanging load M which exerts the 
centripetal force is acted on by reactional force called centrifugal 
(fugis-flying away) force in engineering practice. But correctly, it 
should be called the centrifugal reaction. The centrifugal reaction 


e 
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vis thus equal and opposite to the centripetal force, acts on the 
agent which restrains the moving body, and is directed outwards from 
the centre of the circle. It does-not—act on the body. We shall 
discuss the correct meaning of centrifugal force in Sec, I-5.4, 

Magnitude of the centripetal force. Suppose a particle of mass 
m moves round in a circle with a constant.speed y and is at the point 
A (Fig I-5.3.) ata given moment, Consider a very short interval of 
time ¢. If there were no force 
acting towards the centre, the 
particle would move a distance 
AB=vyt tangentially in time t, 
which is \ery short. But, be- 
cause of the centripetal force 
F there will be an acceleration 
a=F/m normal to the track 
Fig, 1-5.3 (ie, to AB), Due to this 
acceleration the particle would move a distance 3 at? perpendicular 
to AB in time z, ard be brought to a Point D on the cir 
is parallel to AO, Drawing DE parallel to AB, we 

DE” = AE.EC, where AC is the diameter 

= BD.EC = łat? (2r— łat’) s rat®, 
rie may be neglected in comparison with 2r, as't is small. 
us DE* = AB* = y*1? = rat® or a=y*/r, 

i a enact east 82) 
=mv'/r =mo’r (1-5.2 2) 


Ex. 15.3. A 70g stone is being whirled by a 20 cm, long string, 


10 times a second wi i i 
py ith uniform speed. Find the acting centripetal 


cle where BD 
have from geometry 


Solution; F= my" /r= mo*r = m,(2xn) de 
= 70 x4 x (22/7)? x 10? %20=55 22N 
Alternative proof. The moving particle has a velocity y along 
d the local tangent to the circle, Its Speed does not change with time 
but the direction of motion changes continuously at the uniform rate 
of 2x radians in T seconds, that is, at the rate of 22/T=o = vjr. 


Acceleration means rate of change of velocity, that is, of both speed 


aad direction Here sj i e irection 
. peed does not cha ; l; i i 
H nge; only thi d 


Therefore the acceleration is v.y/r=y*/r, We 
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have seen earlier that the force, hence the accleration, is directed 
‘towa‘ds the centre. Thus the centripetal acceleration is v*/r and 
centripetal force is mv” /r = mar. 


As o is the angular velocity of the particle, T its time period and 

n its frequency, we have 
y= or = 2nr/T=2anr. (I-5.2,3) 

When necessary we may substitute any of these values in Eq.s 
1-5,2.1 or 1-5 22. 

The above analysis shows that if we want to make a particle of 
mass m and speed y move round jn a circle of radius r, we must apply 
to it a force F=mv"/r perpendicular to v. 

To deduce the expression for centripetal acceleration with the 


help of vector diagram 
Let a particle be moving with uniform angular velocity win a 


circle of radius r (fig. 1-5.4). h 
The vectors v, and v, represent Q x 
the instantaneous velocities at < 

P and Q. The vectors have 

the same length but different ^í 

directions, The average ẹ® g 


acceleration a is the vector 
change in velocity between P 
and Q, divided by the time 
taken, The vector change in 


i s th 
velocity means the vector Fig. 15.4 
difference Vs—Vi: Let us write 
is at 8v. 
Now, Va — V, is the vector sum of v, and —v,. —Y, is a vector 


equal and opposite to.v,. To get sv, we lay down —v, from the end 
point of v,, and join the initial point Q of v, to the end point S of 
—v, The line segment QS represents the vector difference iv. 

If the particle took a short time t in moving from P to Q then 
the average vector acceleration between P and Q is 

a=8V/8t. 

It points inwards in the same direction as əv. Let v be the 

magnitude of either Va OF V1; and sọ the angle between OP and OQ, 
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that is, between v, and —v,. Then from the isosceles triangle QRS, 
QS=2QR sin 330. If 30 is very small we can write sin 450= 180. 
(See eqn. 0-2,7,1) So, when P and Q are very close together, the 
magnitude of $v is 

dv =QS=2QR. z890 =v 80. 

When P and Q are infinitely close together, both 59 and dr are 
infinitesimal We then get the instantaneous acceleration by dividing 
both sides by è This acceleration is directed towards the centre O 
of the circle, Its magnitude is 


PERUENIRE 
a Bt 


Or, centripetal acceleration =linear speed x angular velocity. 

[ Since »=v/r, we can also write a=y*/r, The instantaneous 
acceleration points towards the centre O and has magnitude a =v*/r 
=yo The corresponding (centripetal) force F=my*/r= mvo, where 
m is the mass of the moving particle, It has the direction of the 
centripetal acceleration, that is, the centripetal force is directed 
towards the centre of the circle, ] 

Since the moving particle has no component of displacement 
along the direction of the force, the centripetal force is a no work 
force, for work done by a force is measured by Fs cos 9, F represen- ' 


ting ths force and s cos ø the component of displacement in its 
direction 


Ex 154. A small body of mass 200 i i 
1 bid g revolves in a circle ona 
horizontal frictionless surface, being attached by a String, 20 cm long, 


toa pin in the surface. Find the tension i ' 
: ension in ih 
executes 90 revolutions per minute. e cord if the body 


Solution ; Angular velocity »=2xn=2z 90+ 
tension in the string supplies the centripetal force P aiid 
“. Femo*r=200g x (3x)" s-* x 29 cm F 
=9x" x 4000 g cm s7? =3:55 x 105 dyn. 
an {t) A particle is on the top 
r, at is the smallest horizontal velocity ti i i 
So that it may leave the sphere without ate ieee re pare" 
( See Eqn. 1-5.5 1 ), [ Ans. v= J/grJ 
, (2 A body of mass m lies on a horizontal i 
Beae rfrom the rotation axis, The Beat of ition miveen 
> e body and the table is u. What is the magnitude of the force of 
ab if the table is rotating at n rps ?_ At what angular velocity 
will the body begin to slide 7 Ans. umg; œ= Jugir) 
A j o= 


of a smooth sphere of radius 


pi 
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( Hint : The force of friction provides the centripetal force): 
[ Ans. w= Jugir. J 


L5.3 Centripetal acceleration : We know that acceleration is 
avector and the time rate of change of another vector, velocity. 
A vector involves a magnitude and a direction With time, only 
magnitude of velocity may change (when we say speed is changing) or 
only direction may change ; in both cases there is acceleration. 
Symbolically, as we have seen before that 


Wg geek Sai ae : 
any) OAA 5.3.1) 


Both the terms on the right hand side individually represent an 
acceleration—the first term, speed changing without changing 
direction as exemplified by acceleration due to gravity (g), and the 
second representing uniform speed with changing direction—as for 
centripetal acceleration v*/r. 
about centripetal acceleration is that 
it constantly accelerates the particle towards the centre normally 
(ie, at right angles to its path) and yet the particle maintains its 
distance from the centre unchanged ; it does never approach the center. 
This happens also for planets and the satellites, This is-because the 
the acceleration being normal to the direction of motion. has no 
component along that direction for it to change the speed. 

Note that, this is an example of independence of two mutually 
perpendicular vectors —operation of one an acceleration, on a particle 
does not at all affect the operation of the other, a velocity on the same 
particle, Another that you have learnt, is the parabolic path followed 
by a particle projected horizontally from a height with uniform speed 
and simultaneously subjected to a vertical acceleration due to gravity. 


The most significant point 


We therefore see, that the centrally directed constant foice is used 
up completely in continuously changing the direction of a particle 
moving along a circle, leaving none to move the particle towards the 
centre. This state of affairs hold for (i) an artificial satellite circling 
the earth and (ii) an electron circling a nucleus in an atom, Jn 
neither cases the central force acting towards the center can 
draw the circling particle towards it and for the same reason, 
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1-5,4, Centrifugal force, The centrifugal reaction is called the 
centrifugal force by many modern authors, particularly in engineering 
practice, It is exerted by the body on any thing that makes the body 
follow a circular path, It is equal and opposite to the centripetal 
force. Application of the term ‘centrifugal force’ to mean the 
‘centrifugal reaction’ is definitely a misuse, 


The true sense of the term centrifugal force may be represented in 
the following way. (i) Consider a horizontal table rotating about a 
vertical axis at a constant angular speed, Imagine, further, an 
ob-erver situated at the centre ef the table and rotating along with it, 
(fig, 1-55) but unconscious of 
the motion of the table, He 
holds in his hand one end ofa 
spring, to the other end of 
which is attached a ball, When 
the whole system rotates unifor- 
mly, the ball appears to him 
to be at rest, But he is conscious 
of the pull he exerts on the 
ball. How is it that the ball 
on which he exerts a pull does 
cot come neirer to him, but maintains a constant distance p It 
then seems to him that the ball is being acted on by a force 
equal and opposite to the pull he exerts on it, This force is 
called the eentritagal force, It must not be confused with the 
centrifugal reaction which the stone exerts on the observer, 

(ii) Or, as shown in the same fig. a small ball hanging vertically 
assumes and maintains a constant inclination from the vertical, This 
is also due to the centrifugal force for as soon as the rotation stops 
the ball returns to the vertical, 

To an observer standing at rest outside the table the centrifugal 
force his no existence. To the observer who has the same motion as 
that of the table, this force is as real as any other force. When the 
centripetal force ceases, the stationary observer finds that the stone 
a tangentially to its path ; but to the rotating observer it appears 

ove radially outwards because of the centrifugal force, 


Fig. 15.5 


3 
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y (iii) Whena car suddenly rounds a curve a passenger seated in 
the car feels a force pushing him radially outwards. This subjective 
feeling of a force directed outwards is the centrifugal force in its 
~ original sense, It exists relative to one who shares the motion of the 
car, To a stationary observer outside the car the passanger tends’ to 
"move tangentially to the track due to inertia, while the car moves iin a 
Circle, This reduces the distance between the passenger and the outer 
side of his seat, which soon reaches him, and presses him inwards, 
thus supplying the necessary centripetal force to make him move 
in the required circle, Some prefer to call the radial thrust exerted 
by the passenger on the body of the car as the centrifugal force, 

Definition. The centrifugal force may then be defined as a force 
equal and opposite to the centripetal force, acting radially outwards on 
a body rotating ina circle aud existing only relatively to an observer 
who has the same rotational motion as that of the body. 

Centrifugal force a ‘pseudo’ force. It is considered as a pseudo 
(false) or fictitious force for above examples tell us that outside the 
rotating system or frame it has no existence We cannot locate an 
agent applying the force, For all real forces we can, For, all real 
forces arise due to interaction between two bodies either in contact or 
at a distance. Examples are, push or pull, tension, friction (bodies in 
contact) electric and magnetic repulsion and attraction, gravitational 
attraction (in contact or connected or at a separation), in each a pair 
of bodies being involved, Centripetal force is real for it involves 
interaction between two bodies but centrifugal force is pseudo for 
there is no interaction, It is sometimes called a ‘g’ force, 

Origin of centrifugal forces or any other form of pseudo-forces 
are due to non-inertial or accelerated frames of reference, 

Newton’s second law of motion F=ma holds in a frame of 
reference which is either at rest or moving with a uniform velocity. 
It does not hold in the given form when the reference frame is 
rotating, To write the law of motion in the Newtonian form when 
the reference frame is rotating, it is necessary to add other forces to 
the applied force. Centrifugal force one is such force, Coriolis force 
is another, These added forces are pseudo-forces as they are not due 
to interaction between bodies. 

Any object undergoing a circular motion may be referred to as 
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arotating frame of reference, which is after all an accelerated 
(centripetal) frame, with the same angular velocity as that of the 
circular motion, Centrifugal force is due to the rotation of the frame 
of reference where the observer is, Like all pseudo forces it acts 
opposite to the acceleration, in this case away from the center. 

Note: In mechanical problems we have two alternatives— 


(i) Choice of an inertial frame where Newton’s laws of motion 
holds and real forces i, e, assosciable with definite bodies that can be 
located. (ii) Choice of non-inertial frames where to apply Newtons 
second law a pseudo force has to be subtracted so that F-F=ma 
would hold in place of F= ma. 


Though we do with the first alternative mostly, sometimes we 
haye to fall back upon the second one, as in the present case, 


Reality. of centrifugal 
force. A man stands on a 
rotating turn-table fig, 
1-5.6(a) holding two weights 
on his outstretched hands, Ia 
pulling the weights towards 
his body his muscles will have 
to do work against the 
centrifugal force, The man is 
in a rotating reference frame, 

If a briefcase lies loose 
on the seat of motor car it 
will move sideways and reach 


Fig. I-6.5(a) 


the wall of the car, ifit takes 
a quick turn, 

Measuring the Centrifugal 
force (fig, I-5,6b), The device 
can be fitted to a hollow axis 
which can be rotated pretty 
fast. On the frame is a ballthat 
can slide along the rod AB, A 
thread is attached to the 
bottom of the ball which 
Passes over a pulley (P) and 


Supports a scale-pan (S), When the frame Totates, the ball tends 


Fig. 1-5.6(b) 


oll aid 


“UNIFORM CIRCULAR MOTION ts 


to slide away from the axis towards the end and thus tenses the 
string (T). By putting weights on S, the ball is prevented from 
= leaving its position. The weight on S equals the tension of the 
string and hence measures the centrifugal force, Faster the frame 
| totates greater is the weight required, to stop the sliding motion, 

3 We can also regard the weight on the pan as measuring the centri- 
6: petal force for the tension of the string may be regarded as supplying 
the centripetal force whieh equals the centrifugal force in magnitude, 


Ex. 1-55, A small disc of mass m rests on a friction'ess table 
at the end of a long string. Tts other end passes through a hole at the 
center of the table and supports a heavier mass M. Find the condition 
with which m must circulate so as to keep M at rest. [See fig. I-5 2] 


Solution: The condition is my? /r = Mg v*/r=(M/m)g 


Ex 1-5,6. What would be the length of a day be if the earth spun 
fast enough for a body on the equator to become weightless ? Equa- 
torial radius 6378 km, g=9.78 mls”. How much faster would the earth 


‘spin then? 


To realise the given condition we may arrive at the 
g either (a) the centripetal force being 
n a body, or (b) centrifugal force 


Solution : lise | 
same relation by considerin 
supplied by the pull of the earth o 

nullifying that pull. 
In either case we have mw*r=mg OF (4n°/T*)r=8 
or. T=2x Jrjg= 1.41 hrs = J2 hrs 

This would be the length of a day, The relative angular speed 
would be 


SE 


The earth then o ould spin 17 times faster. 


Remember as a summary— 

All the three- forces, Centripetal, Centrifugal reaction and cen- 
trifugal force have same magnitudes—mo*r, indicated in fig, 1-5.7. 

(i) Centripetal force—It acts on the moving body radially inwards 
and is applied by an external agent and hence is real, (Fop) 

(ii) Centrifugal reaction—It acts on the steady agent at the center 
radially outwards and is exerted by the moving body as a reaction to 


the above force and so is real. (Eora) 
(iii) Centrifugal force—It acts on the moving body radially out- 
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wards appearing only in rotating frames, No agent applying the force 
can be recognised and so 
the force is fictitious. 

Tn fig. I-5.7 they have 
been marked as (1), (2) 
and (3) respectively, 

Note again, though 
equal and opposite the . 
centripetal and centri- 
fugal forces cannot be 
action. and reaction for 


Fig. 1-5,7 


they act on the same body. 
I-55. Some Illustrations of Centrifugal forces. 


(i) Whirling of a bucketful of water in a vertical plane (fig. 1-5.8) 
can be done fast enough 


such that though directly mv?/r 

overhead water will not FIN 

fall off. This is because ver FA Sai 

the vertically upward ats <= mg G 
centrifugal force balan.es y Le 
the downward directed _,/ | \ 
weight of water, i.e, d 
mg=my*/r ot mo*r so Big cle 


that v= Jgr, (15.5.1) 


The same occurs when the pilot is pinned to his seat head down- 
wards as he loops a verical loop fast enough so as to develop 
centrifugal acceleration of 5g to 10g and experience strange and 
physically damaging cerebral and visceral sensations—a case of 
superweightlessness, 


Gi) Flatteniog of the Spinning Earth. The Equatorial bulge. 
This well-known fact, is explained by the fact that at its birth and 
till much much later, the earth was a semifluid and semi-solid sphere 
spinning about an axis through the poles and much faster, As one 
Proceeds towards the equator, points on earth describes progressively 
larger circles about the axis of rotation, Soa point on the equator 
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must spin fastest as it describes the largest circle. Hence there 
would be the largest centrifugal force there, producing the equatorial 
bulge against the gravitational pull of the earth, 
Newton had proposed this explanation and 
calculated that the difference between equatorial 
and polar radii as şłg of the average radus. 
Data provided by artificial satellites have 
corrected the value to 1/297.5. 

This state of affairs can be simulated by a 
simple device shown in fig. 1-5,9. To a thin 
vertical rod attach four metal strips so as to 
from two circles at right angles. Their upper 
ends are attached to a collar which can slide 
easily up and down the rod. Now spin the 
rod very fast when the upper collar slides down 
producing (as shown lower) an oblate spheroid 
with an equatorial bulge. 

(iii) Reduction of Weight due to the Spin of 


ESAN S (b) 
: m observer at 
the Earth; To an imaginary Fig, 1-5.9 


rest out in space everything on earth would be 

spinning with the same angular velocity œ. This necessarily produces 
a centrifugal force on each, the magnitude depending on the latitude 
or the radius of the great circle where the body is, That lessenes 


the weight mg by mo'r. A the equator, loss for 1 kg 


becomes 
4x" x6378=10" 337 g, 


2.73 _ 
4atr/T" =~ pa x 3000)" 


This can be explained from the standpoint of centripetal force 
also.; mw*r being deducted from the weight mg to provide the 
necessary centripetal force, We return to this point in II-1,6(3). 


(iv) We have seen that if the earth spun 17 times ( Bx. 1-5.6) 
as fast as it does now, bodies on the equator would become 
weightless. If it spun still faster, so-called superweightlessness would 
result, bodies will fly off radially and the earth may burst at the 
seams, because of strong centrifugal forces. Here the centrifugal 
Teaction may be said to exceed the centripetal force. 

14 
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That is why a’ flywheel or armatures in giant electromagnetic 
altéraators should not be rotated very fust lest they burst, 
x) A ball rolling down an incline may achieve enough speed at 
the*bottom so as to describe a vertical circle ie topping the loop 
before moving up an incline as 
i shown in fig. I-5.10. The motion 
5r/2 is similar to as in our first 
illustration, We shall see that 
the minimum height of the 
Fig. 1-5.10 incline should be 5/2r, where r is 
the radius of the radius of the vertical circle described, [Ex !-5.12 ] 


ee 


MEES 


(vi) Centrifuge- It is a device in which small tubes or vials, 
hinged near their tops, are spun at a high speed in a horizontal circle 
by air pressure or electri- 


cally driven gears. As 
the machine spins, the 
lower ends of the tubes 
sise (as the governors of 
steam engine) The tubes 
ultimately become practi- 
cally horizontal and 
move ina horizontal 
sircle. (fig. I-5,11) 

The tubes contain particles in suspension in a liquid of different 
density, such as fat particles in milk, the red corpuscles in blood, etc. 


The purpose’-of’ the Centrifuge is to separate these particles from the 
liquid, 


Fig. 1-511 


In.the centrifuge, a particle of volume V, density ¢ and angular 
speed »-needs a force Vow*r to keep it rotating in a circle of 
sadius z, The surrounding liquid can exert on it a centripetal force 
Vpo*r where p is the density of the liquid. Ifp>o, the particle 
moves towards smaller values of r, i.e., towards the axis of rotation. 
Mf >p, the particle moves towards larger values of r, ie. away 
from the axis of rotation. Bhisca 

The Tate of sedimentation ‘under gravity is prit cipally determined 
by the difference in densities between the sediment and the liquid. 
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Wien w is large, the force vo—p)o*r tending to displace the particle 
is much greater than that due to gravity which is v—p)g. Now 
o'r can be made very much greater than g. With modern 
techniques it is possible to obtain values of or approaching a million 
times that of gravity. Hence sedimentation is brought about much 
more quickly by a centrifuge than by gravity. 

The centrifuge is of geat value in various fields, particularly in 
medical and biological research, eg, in separating proteins, hor mones, 
viruses etc, from sera Or other liquid media, It is also used for 
separating cream from milk and has many other similar uses. 

A cream separator filching out cream from milk, works on the 
same principle, You might have observed milkmen doing the same 
by rotating wich their palms rapidly, a rough wooden stick plunged in 
milk, If you set dirty water in a bucket into fast rotation with your 
hand you can achieve quick sedimentation. 

(vii) Centrifugal drying machine. It consists of a cylindrical 
vessel with perforated walls and can be spun rapidly round its axis, 
Damp clothes are placed in the cylinder, which is set into rapid 
rotation, As a result of the centri‘ugal force, the water is forced out 
through the perforations in the walls of the cylinder, and clothes are 

y, we may say that as there is not enough 


dried thereby.” Alternativel 
centripetal force, the water particles fly tangentially away through 


the holes. 

(viii) Centrifugal Pump 
this pump raises water in a con 
a system of pipes. It has three 
parts— Casing (C), impeller (IM) 
and spindle (S) as indicated in 
(Fig, 1-512). I and O represent 
the inlet and outlet pipes. IM 
is a hollow revolving wheel 
with vanes. Coupled to a 
driving gear the spindle rotates 
the impeller. Water in C is then 
flung outwards by the centri 
fugal force and is delivered 
through O and fresh liquid flows in through I. The pump must be 


: Unlike the force or lift pumps (sII-7.2) 
tinuous stream or circulates it through 


Fig, 1-5.12 
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full of water before it starts working. If the peripheral liquid 
attains a velocity y, the water in the discharge tube would climb 
to a height h, where y? =2gh. 

They also serve as blowers and exhaust fans for blast furnaces 
planing mills, vacuum cleaners, ventilating systems and wind tunnels, 


Ex, 15.7 A centrifugal pump raises water to a max height h and 
has a blade radius r. Find the necessary n in rps, neglecting friction. 


Solution; Equating K E. to P,E. we get 
$ mo*r*® =2mgh or annn — “8h or n= Jghjar 


(ix) Conical Pendulum (Fig. I-5.13) is a small sphere hanging at 
the end of a long thread fixed at 
the upper end and describing a 
circle, The tension T along the 
String has two components T cos @ 
balancing the weight mg of the 
bob and T sin ọ balancing the 
centrifugal force my*/r, Thus 
T sin 6 = my*/r 
T cos 0 = Mg } 
tan 0 =v"/gr=w"r/g (I-5.5,1) 


Again o=2n/T = ~ gtano 
r 
=, /g tan 0 


lsin 6 
=Jgilcos@ — (I-5,5,2) 


usly higher is the plane of rotation of the bob, 


ar er ‘nt Raed ised at ane end caries a mass 100 
through the fixed end. Find the angle of EE A fie perieal axis 
velocity of the mass, nation and the linear 


Solution: From the given Conditions we fing 


© oe g a4 a 9.8 
Tos 6 At 58 Teog OF C05 om 98/16, 


6= 52°12) 
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Again v= ./gr tan g= Vel sin 9 tan 0 
=y 98x 1x0.1902x 1,2892 = 3.16 m/s. 

(x) Watt’s Steam Governor : This acts somewhat on the 
principle of conical pendulum. It governs various rotational speeds of 
the machines, A and B (fig. 1.5.14) represent two heavy balls 
supported by rods pivoted at both ends, The pivots at C are fixed 
to a central shaft, Those at D 
are attached toa movable collar. 

As the shaft spins faster certri- 

fugal forces push A and B 
further out and higher and so 

raise the collar D, The collar A 
then operates a system of levers 

which control and check supply 

of steam to a steam engine, As 

D ‘rises, the steam valve openes, TOANE 

steam rushes out, steam ressure 7 

falls, slowing down hs shaft. er “ 
Then A and B descend, the collar D 
valve where pressure and speed build: 
has been modified to operate “a brake as 
motor, 

In developing its theory consid 
the centripetal force my®/r making 
from the law of sines 

my*/r__ AE _ sin ACE s sing _ rfl r 
mg CE sin CAE sin 90-0) JP -=r SAT) ET 
or yt=gr*/ JF- (1-5.5 3) 


descends and closes the steam 
s up again, The instrument 
in a gramophone 


er the A CAE where AE represents 
the bob describe the circle. Then 


(xi) Rotor or Death-well. A. In amusement parks or circus- 
shows a hollow large diameter vertical cylinder is set up that can be 
set rotating at a very high speed. A man stands on a platform against 
the wall, whi h is rough and so is the clothing of the person When 
the drum rotates fast enough, the platform is moved out from below 
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the performer who does not fall off and remains pinned up against the 
wall, (fig. 1-5. 15.) 

We find the minimum speed 
of rotation for this to happen, On 
him we have (i) his weight W 
acting down wards which is 
balanced by (ii) the force of 
Static friction f, acting upwards. 
This arises due to the normal 
force mw*R pressing the man 
laterally to the rotor surface ; 
friction acts at right angles to this 
Centrifugal force, upwards, for 
the tendency of the man to 
moye is downwards. Now if 
the coefficient of friction 
between wall and clothes materials 


be y, then 


Si=uN= umo? R= uW/g)o®R 
This balances the weight W of the man 


A wW w 
" hanog ILER 
N mwer eE (1-5,5,4) 
Notice that the result is 


A independent of the weight of the 


mains static and along its walls, a 
. The rider and the cycle assumes 
loff, ihis is a case of dynamical 
fugal force is balanced by the 
may alternatively be thought to 
- A motor cyclist looping the 
Cus-show along all the possible 


Problem. A vertical steel cylind i 

Totating, carries a small steel pear pind ee 20cm when 

“pends 200 rev. per min, It falls down at lowers the rotation 

tween steel surfaces, (Ans. 0.22) thon is 4 
niv. 
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Ex 1-5.9. A small iron piece is at the bottom of a hemisphere ‘of 
radius a; u between the two is 
the coefficient of fricticn As 
the vesesl is rotated with an 
angular velocity of œ, the piece 
rises inside it, till the radius 
joining its maximum height to 
the center makes cn angle 0 
with the vertical, Show 
that 


aw? See 0 — u COses 8 
ae 1+ tan 6 

_ Solution + Let the particle 
rise to A; it does so because 
of centrifugal force and held there against gravity by friction which 
are respectively moa and mg. Both of them are resolved and the 
forces are as showa in the figure, For equilibrium we have, equating 
tangential and normal forces 


mg sin 0 =WœR+mo"a cos 0 
and R= mg cos o+ mw’a sin 0, 
<. mgin a= m(ug cvs o +po" sin 6)+mo*a cos 8 
or gsin 0- ug COS gua sin? 0+oa sing ccs 
pitta 
or 1 =pcot ed cos 0 


s 
= cot 0+ sin o +cos 6, = cot ors cos 6 (u tan +1) 


34 
g 


€ 


= (1 — p cot 0)/(u tan 0 +1) cos 0 
-U — p cot 0) sec 0 Sec g— u cose 0 
1+, tan 0 L+ p tan y 
156, Friction and Circular motion. Example 1-5,9 above 
indicates the role of preventing relative motion between surfaces in 
circular motion, by friction. We consider more cases. 


(1) When a knife blade is sharpened on a spinning grinding wheel 
you may have ‘observed glowing particles on the wheel rotating with 
it at lower speeds. Adhesion and friction prevents relative motion. 
But they shower out tangentially at high enough speeds when 
frictional forces are insufficient to provide the necessary centripetal 
force to hold them on the wheel, 
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(2) A muddy wheel holds mud patches at low speeds but throw 
them up tangentially when rolling fast. It is against them that mud- 
guards are provided on all carriage wheels, 

When cars on a curved path takes a bend at low speeds on rough 
roads, sideways friction provides the necessary centripetal force.. But 
the magnitude is small and uncertain, 

(3) Friction determines when a car will skid or overturnn : 

Fig I-5,16(a) represents a wheeled car on a level road in contact 


å 


Fig. 1-5.16 
at A and B where R and S are normal reactions, Consider the vessel 
to be turning in a circle with the center to the left in the plane of the 
diagram (fig T-5,16p 

A motor car cannot of itself change the direction of its 
motion, 

When it takes a bend it mo-es in a circle, To make it so move 
it requires an external force to be applied towards the centre of the 
circle, Ona level road this force can be supplied only through 
friction between the wheels and the road. The required force is 
my*/r But the friction which is to Supply this force is small and of 
uncertain magnitude, So the car should be driven slowly . otherwise 
it may skid in its tendency to continue in a straight line, Skidding 
Occurs when v is too large and r. too small, 


(a) 


» For the inquisitive student, 
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Skidding F, and F, are frictional forces which supply the 
necessary centripetal forces myv2/r, If W is the weight of the vehicle 
and the coefficient of friction between the road and the wheels, the 
maximum frictional force being uW, the vehicle will skid i.e, side= 
slip if 

my"/r> Max. value of F, +F, = uW = umg 
or my?/|r>umg o v> Jugr (l-5 6 1) 


Overturning : ` If the car overturns, it turns about the points of 
contact of the outer whaels. Then S and F, vanish, The moment of 
the force (:J-6.4) tending to overturn it is hx mv°/r where h is the 
height of the line of action of the centrifugal force above the ground, 
This force acts through G the C. G. of the car, The moment 
of the restoring force due to the weight of the car is Wa=mga. 


The car will overturn if 
my®h[r>mga or v> Agra/h (1-5.6.2) 


Note that mass of the car is quite irrelevant for either. 


(i) If u>a/h, the vehicle will overturn rather than skid. If his 
large this condition is more easily satisfied, and the vehicle overturns, 
In sports cars h is kept low and a is made large so that the car may 
not overturn. 

(ii) Ifu<a/h, it will skid before the speed is high enough to 


cause overturning. If h is small the vehicle is more likely to skid 


than to overturn. 

Ex 159. C.G. of a goods train is 3 ft above the rails 4 ft 
apart. What is the safe speed limit in taking a turning of 108 fi. 
radius ? ; 

Solution: The centrifugal force my?/r acts horizontally and the 
wt. of the train acts vertically through the C. G. As shown above we 
take momen’‘s about the outer rail and equate them 


mv? y 
Stee or y = gar[h=(32 x2 x 108)/3 


y=48 ft/s 

Prob. A car negotiates a curve of radius R, of which the whees 

are b apart and C, G. at height h from the ground, Find the velocity 
of its turning such that pressure on the inside wheel vanishes. 

Rgb | 


[ Ans. v?= Sap 
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1-5.7. Some examples of Centripetal force and its reactions 
(i) Banking of Roads: To remove this chance of skidding or 
overturning the road bed is inclined to the horizontal at the bends, 


(b) 


Fig, 1-5.17 
the slope being towards the centre of the bend as indicated in 
fig. I-5.17(a) and (b) 

Fig I-5.17(c) shows a moving car on such an inclined road bed. 
The weight W of the car acts 
vertically downward at its centre 
of gravity, The normal reaction 
P of the road on the car is 
perpendicular to the bed, 
friction being left out of account, 
The vertical component of R 
ie P cos ø, balances the 
weight, while the horizontal 
component of P, ie, P sin 6, 
supplies the necessary centripetal 
force, Thus we have P sin 9 eed) 
=my"/r, and P cos 6= W=mg, 

whence tan q=y*/gr, 


(I-5.7.1) 

This equation gives the proper angle for banking of a curved road 
of given radius y, for a pre-determined speed y of a car, 

In the case ofa railway train, the rail on the side of the circle 
away from the centre is raised. The forces are as for a motor car on 
an inclined road bed, When the track is tilted to an angle tan 
6=y"/gr, the stress between flange and rail vanishes, At other sp: eds 
either flange must press against the corresponding rail, 
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If the distance between the rails is d then sinc? 0 is small 
(fig I-5,17d) we may put tan 
@=AC/BC = AC/AB. © Thus 
the elevation of one sail above 
another will be 

AC=(v"/g,)d (1-5.7.2) 

Problem. A train takes 
a curve of radius half a mile Fig. 1-5.17(4) 
at 30 mph, The separation $ 
of the rails being 5 ft how much higher the outer rail will be aboye 
the inner one so as to neutralise thrust oa the wheel. flangs. 

(Ans nearly 4") 
e of a cycle may be similarly 


Gi) Cyclist taking a bend. The cas 
treated, While rounding a curve the cyclist moves in a circle, so 
that necessary centripetal force must be supplied. The cyclist leans 
towards the centre of the circle (fig 1-5,18) in which he wants to 

move and derives his centripetal force 
REG S from the horizontal component of the 
reaction P (= CS) of the ground, P is- 
made up of a vertically upward 
component R (=CR= AR) equal and 
opposite to W, the weight of the cycle: 
and the cyclist and a Forizontal 
component F (=CD=AF) due to 
friction, P? = W° + F°. The maximum 
value of F is uW, where y is the 
ccefficient of friction between the road 
and the tyres, Hence the maximum 
availble centripetal force is u W. If 
however mv?/r exceeds „W the cycle 
skids, If @ is the inclination of 
the cyclist (ZSCR or ZRAC) to the vertical, P cos a=W and 
Psing=F=my?/r. So that again tan 9=v"/rg. For larger speeds 
and smaller radii @ must increase, The maximum inclination 6 
which the cyclist can have without skidding is given by tan 
=pWiWeu=v' lrg. ie. the condition must be v°< urg, for no 


skidding. 


Ti 


Nicovcsveroe-e' 


Fig 7.6 
Fig. 1-518 
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Problem. (1) A cyclist takes a bend of 20 ft radius at 10 mph. 
At what angle must he lean, and what must be the smallest coefficient 
of friction between the tyre and the road 7 (Ans. 18°35’ ; 0,336) 


(2) A cyclist moving at 8 mph wants to turn about, What is the 
radius of the smallest circle he can take if the coefficient of friction 
‘between the road and the tyres is 0.4 ọ (Ans. 10.8 ft.) 


(3) A cyclist is describing a circle of 20 m radius at a speed 
of 18 km per hour, What is his inclination to the vertical ? (Assume 
‘the rider and the cycle to be in one plane.) LH. S. ’78 ] 


(iii) Planets move round the sun in approximately circular paths 
and so do the satellites around their planets, the necessary centripetal 
forces being supplied by gravitational attraction of the sun and the 
planets as the case may be, 

(iv) Electrons in an atom move round the nucleus similarly, the 
centripetal force being provided by the coulomb force of attraction 
‘between opposite charges, 


_ Note: In the last two examples the forces of interaction act at a 
distance without an interveniog medium and not through contact as 
in other cases, 


158. Motion in a vertical circle. Fig, I-5,19 represents a small 
‘body of mass m whirled ina vertical circle with centre O. It is 
attached to the centre by a string 
of length z. The motion is c'rcular, 
but not uniform. The body gains 
Speed on its way down and loses 
speed on its way up. Recall the 
whirling òf a bucket of water 
vertically without water spilld out, 

Let v, and v, represent the 
linear spieeds at the highest and 
lowest points, and T, and T, the 
coriesponding tensions in the string. 
Then we shall have 

Fig, 15.19 Ttmg=my,*/r, (15.8.1) 
and T,~—mg=my,?/r, (I-5.8.2) 

As the particle moves fom the highest to the lowest point it 
loses 2mgr of potential energy, and gains equally in kinetic energy. 


< ima =tmv,°+2mgr, or v,*—v,2=4gr (1-5.8.3) 
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There is a critical velocity below which tke string becomes slack 
at the highest point, It may be obtained by putting 7,=0 
in Eq. 1-5.8.1, This gives my,*/r=mg or v, = ,/gr. (1-5,8.4) 

Combining Eq. 1-5.8,3 and .4 we find that the miniumum 
horizontal velocity with which a particle, hanging freely at the end of 
a. string of length /, must be projected so as to describe completely a 
vertical circle is given by v,*=5 gl. 

Note that at any point ofits path the sum of the kinetic and 
po'ential energies of the particle will be constant, and the resultant 
force on it will be directed towards the centre of the circle of motion, 

Ex, 1-65.10 An arched bridge is to be so designed that cars 
may pass over the bridge safely at speeds upto 180 km/hr without 
jumping off the road, Find its radius of curvature. [J.E E ’75 | 

Solution: For the maximum speed the weight is completely 


used up to supply the necessary centripetal force or just neutralised 
by the centrifugal force, i.e. 


my?/r=mg or r=y*/g= m=255 m (nearly) 


(s5)*(Km/s)? _ 2500 

98 mjs* 98 

Ex. 15.11. A small body tied to an inextensible almost massless 
string of length 5 m is rotated in a vertical circle. Find the minimum 
velocity at the top, for the string not to slacken and the velocity and 
angular speed at the lowermost point, (i 1.7.67] 

Solution: v= Jgr= J9.¥x5=7 m/s 

v= N5gr= 15.652 m/s 
w=V/r=3.13 rad/s 

Ex. 15.12 A small ball rolls down a smooth incline from its top 
ata heigh h from the ground. Tt describes a vertical circle after 
reaching the bottom Find a relation between h and r the radius of the 
circle. (See fig. I-5,11) 

„Solution: To move in a vertical circle the ball must earn a 
minimum velocity of „/5gr at the bottom where its K,E is my” at 
the cost of P.E which is mgh. .°. mgh=4m5gr or h=§ gr. 

Problems. (1) A motor car of weight W travels at a uniform speed. 
v(a) ona horizontal bridge, (b) on a convex and (c) on a 
concave bridge, both of same radius r, Find the force exerted by 
the car on the bridge in each case with the car at the middle of 
the bridge. 

[ Ans (a) F=W; (b) F=W-my*/r; (c) F=W+mr?/r. } 

(2) The string of a pendulum of length Zis displaced 90° from 
the vertical and released. Whati the tension in the string as it passes 
the position of equilibrium ? [ Ans. 3mg} 
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S.H.M 


15.9. Projection. 

-From geometry perhaps you have already learnt the meaning of 
the term projection of a line segment on another straight line. You 
_ drop a pair of perpendiculars from the two ends of the given line 
segment on the given straight line. The distance between the feet 
of these two perpendiculars gives the line segment on the given line. 

In fig I-5.20 we have a pair of 
equal lines OA and OB, We seek 
to find the projection of OB on OA 
each of length /; this is a parti- 
cular case of projection relevant 
to discussing S.H.M. BD is the 
<7 ‘cose © A perpendicular dropped from B on 

Fig. 1-5.20 OA and OD =OB cos 9 gives the 

projection of OB on OA. 


Projection of uniform circular motion on a diameter. In fig 
1-5,21 let us have a particle moving along 
the circle CADB with uniform circular 


c~ 
Ee 
velocity œ in a clockwise direction w 
where the particle has reached P at any a sf! \ 
moment, Drop a perpendicular PK on s 7 A 


AB. As P goes the circle round and round, 
the point X moves to and fro along AB, 
The motion ef X is the projection of 


uniform circular motion on the diameter : 
AB, Fig. 1-521 


Similarly a perpendicular PY may be dropped on the diameter 
CD, As before with P moving round the circle, the point R moves 
up and down between C and D, Motion of R alsois the projection 
| of uniform circular motion on CD, 

Models : (1) The bob of a conical pendulum you know, describes 
acircle in a horizontal plane. Place your eye in the Stine plane a 
little distance away and observe carefully the motion of the bob 
with one eye closed, You shall find it appearing to move to and 
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fro along a diameter ( fig. 1-5,22a) perpendicular to the line of 
sight. 

(2) In fig. 1.5.22(6) is shown a disc and a bar AB coupled together 
by a pin (P) and slot (SL) arrangement. P projects from the disc 


(a) (b) 
Fig. 1-5.22 
and engages SL. AB can move only along a diameter of the disc when , 
it rotates, As P rotates round and round, AB moves to-and-fro, So 
does the point D, the foot of the perpendicular dropped from $ ; as 
P moves round and round D moves to and fro. 

(3) On a gramophone turntable beside a white wall, place a 
large piece of cork carrying a long vertical pin near its circum ference, 
Let the turntable rotate slowly ; on one side place a strong source of 
parallel light. You observe the tip of the pin describing a circle while 
its shadow on the wall moving to and fro 

In each model you observe the projection of uniform circular 

; motion on a diameter of it, 

1-5.10 Projection of uniform circular motion on a diameter is 
<an S H. M. 

Simple harmonic motion (S.H.M) and uniform circular motion are 
two of the simplest of that very large class of motions, the periodic 
motion—2 motion that repeats itself along the same path over and 
over again and at regular intervals of time. The proposition given 
above connects the two. Both of them occur under central forces: 
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ie, forces directed towards a fixed point, In uniform circular 
motion, the motion is along a circle under a constant force directed 
towards its center; in S.H.M the motion is vibratory along a 
short st line or a short arc under a variable force always directed 
towards a ’mean or equilibrium position. 

Definition ; Projection of uniform circular motion on any diameter 
of it is simple harmonic, This is said to be a kinematical or 
geometrical definition, elucidating the peculiarities of the motion 
without however explaining the origin. 

The kinetic or physical definition provided in I1I-1.2 shows S.H.M 
to have the followiog characteristics — 

(i) The motion is to-and-fro (periodic) and along a straight line 

(ii) The force and hence the acceleration is proportional to the 
instantaneus particle-displacement from the mid-point of the motion. 

(iii) The-force and acceleration are opposite in direction to the 
instantaneous particle displacement, 

(iv) At the mid-point the particle displacement is zero, so is the 
acceleration and force; but particle velocity is a maximum, 
Conversely, at the end-points velocity vanishes while the force attains a 
maximum, 

If the acting force is Pand the displacement at an instant is x 
measured from the mid point, then the relation between them would 
be given by P= — kx where k is the constant of proportionality, 

Projection of uniform circular motion on a dlameter show all 
these characteristics and hence is an S. H M. 


Proof: Refer to fig, 1-5.23, As we 
have seen, (i) As P moves through Pi, 
C, P,, B, P, D,P, back to A, the 
projection Q moves to-and-fro successi- 
vely through Q, Q,, O, Q,, B, Qs, O, 
Q4 finally back to A, So the motion of 
/ Qis to-and-fro along a straight line, So 

a~ -558 would be that of R, New refer back to 
Fig, 1-5,23 fig. 1-5,21, 

(ii) As the particle P moves along a circle it is subjected to the 

centripetal force mwa along PO. This is however equivalent to 


a 
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componeus: mm* PO cos wt and mw*.PO sin wt along: PX and PY 
respectively As X can move only along AO, the force acting on. 
it is parallel to PY and hence directed towards O, the mid-point 
Similarly the force on Y will be found to be parallel to PX and hence 
directed again towards O, 

The same would hold wherever on the circle, P may be. Thus. 
the force on X or Y, the projections, is always directed: towards the 
mid-point. 

(iii) Again, mo*.OP cos ot =m?.OP (OY/OP) =m”. OY 

and mw? OP sin ot =mo* OP(OX/OP) = ma*,OX 

ie. the restoring force is proportional to the displacement from the 
mid-point, z 

Thus all the characteristics of S.H.M, are shown by the projection. 
of uniform circular motion on any dia meter. 

1-5 10.A. Equation for particle displacement in SHM. We 
consider tbe motion from the moment when the rotating particle 
crosses the point C (fig. 1-5.2). Cp is the diameter perpendicular to 
AB. When the particle is at C, ¥ was at O, the centre of the circle, 
We measure displacement from this point, O is the position of rest 
of the particle in S,H.M. If after a time ¢ from the moment 
considered the rotating particle reaches P (fig. 15,21), X moves from 
Oto X, So the particle displacement x in time t is x=OX, If OP=@ 
is the radius of the circle, then 

x= OP sin COP=a sin of (1-5,10,1) 

and y=OP cos COP=a Cos oft 

If at the initial moment the rotating 
particle was at A, and we measured 
particle displacement from O, (fig. 
1-5.24) will show that 
x=OX=OP cos AOP=a cos wt (1-5.10,2) 

Eq. 1-5,10 or .2 represents the same 
S.H.M, The difference in form lies in 
the choice of the initial moment, If the 
motion is considered from the mom 
midpoint of its path, Eq. I 


Fig. 1-5.24 
ent the particle crossed tħe 
-5.10.1 (the sine form) will apply. Ifwe 


considered the motion from the moment the particle was at the end 


15 
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ofits path, Eq. 1-5.10.2, (the cosice-form) will apply. Sə we may 
use’ Eq. I-5,10.1 or I-5.10.2 according to our convenience, 
We might have considered the motion from any other moment, 
gay, when the particle was at Æ (fig. 1-525), If ZEOC=« (Greek 
letter, pronounced ‘epsilon’), the figure 
would show that 
x=0X =a sin (wt—e) (I-5,10.3) 
If we took the position of E relative 
_to the line OA then » EOA=e and 
x= OX= OP cos (EOA-— EOP) 
=a cos (wt — €) (1-5.10.4;# 
Eq.s 1-5,10,1 to I-5,10.4 represent the 
same S.H.M. The diference in form is 
due to the choice of the initial moment, 
«emay be positive or negative. We shall ordinarily use Eq. I-5-10,1 to 
represent an S,H.M. 
ais called the amplitude of the S.H.M, œ is called its angular 
frequency. The periodic time Tis the time in which the rotating 
particle goes once round the circle. This gives us 
T=2x/ (I-5 10 5) 
The frequency n of the S,H.M. is n=1/T=/2x (1-5.10.6) 
1-5 10B. , Particle velocity in SH.M. Suppose the constant speed 
with which the circle is being described 
is v=aw, The velocity w of the 
particle at Pis perpendicular to OP, and 
is represented by a line segment say, PR. 
The projection of PR (= SR) is the 
velocity y of the particle in S.H,M, when 
it is at ¥, From fig, 1-526. 
v=SR= PR Cos ot 
= vo COS wf=am coset (I-5.10.7) 


=am J] —x*/a*= Jat —x 


Fig, 145,25 


(1-5.10,8) 
= Particle velocity is maximum when x=0, that is, at the midpoint of 
the motion, It is zero at the end of the swing (x =a). 
* Cos (—6)=cos @ 
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1-5.10C Acceleration of a particle in S.H.M. We know (See I-5,2.1) 
that the acceleration of a particle moving in a circle of radius a with 
constant angular velocity o is aw®, and that the acceleration is direc- 
ted towards the centre of the circle (fig I-5,27). The projection of 
this acceleration on the diameter AB is 
the acceleration of the parcticle moving 
simple harmonically along 4B. If in A 
fig. 1-5,27, the line segment PQ represents is 
the acceleration at P, its projection XS 
on AB is the acceleration of the parcticle 
in S.H.M when it is at X, From fig, 1-5,27 
XS=RQ= PO sin ot=ao* sin wt, But XS 
is directed towards O and is opposite to 
the particle displacement ox. If we take Fig. 1-5.27 
particle displacement x as +ve, particle acceleration f is —ve for 
their directions are opposite. So, the acceleration f at X is given by 

j=- a0? sin of = —0°x (I-5,10.9) 

Acceleration in S.H.M. is directed oppositely to the displacement, 
‘This means that as soon as the particle is displaced from its position 
of rest, an acceleration (and therefore a force) acts on the particle 
which tends to bring the particle back to its position of rest. The 
acceleration is greatest when x is largest, i€., when x=a, It is zero 
when x=0, i.e, when the particle is at the mid-point of its motion. 
Comparing with the case of v, We fiad 

when x=0, v=4@ (maximum), f= 0 (minimum) 
and when x=a, v=0 (minimum, f=-«o* (maximum), 
the fourth characteristic of S.H.M. 

1-5 10D, Force ona particle in S.H.M. If m is the mass of 
the moving particle and f=—o*x is its acceleration, the force 
acting on it is 

= mf = —mo*x (I-5.10, 10) 
Clearly, the force is proportional to the displacement and is directed 
opposite to it. This is said to be a linear, restoring force. If there i 
no force, the particle will be at x=0, the position of rest. 

1-5.10E Periodic time in S.HM. Eq. I-.5.10,5 gave us that th 
periodic time T= 2mo. Eq. 1-5,10,9 shows that the magnitude of tt 
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acceleration is f=m°x whence m*=f/x, Thus m= ,/j/x=square root 
of the acceleration at unit displacement, Therefore 


T=2n/o=2n/ Jfjx=2x/ Jaccimn, at unit displacement, (I-5.10,11) 
This relation is very important, as we see below, 


I-5.11. Example: Simple Pendulum: A simple pendulum in 
practice is a small metal bell hung by a long light soft string from a 
rigid support (fig. I-4,28(a), When oscillating with a small amplitude 
o its motion is simple harmonic, Its path may 
be taken practically straight. The motion is 
repeated at equal intervals of time given by 
T=2ñ JJijg (see eqn, 0-1,9.1), It starts moving 
towards the mid-point from its maximum. 
displacement position increasing its velocity 
from zero to the maximum as it crosses the 
mid-point, then gradually slows down to come 
to jest at the other end of the swing. This 
ong cus is half the motion, The other half is an exact 
replica, As it crosses the mid-point and slows 

mg down, the force acting and hence the acce- 

Fig, 1-5,28(a) leration must be opposite in direction to the 
displacement, Below we prove that the force is proportional to 
the displacement i.e, motion of the bob ofa 
simple pendulum is simple harmonic, 

Time-Period of a Simple Pendulum: In 
0.1-9.1 we found it tobe K Jijg where K is 
the numerical dimensional constant, Now we 
find also the value of K 

Consider a simple pendulum (fig, I-5 28b) 4 
of length / displaced through the angle 9, 

Let mbe the mass of the bob and g, the aae 
acceleration due to gravity. The only force ‘a 
acting vertically downwards on the bob 

is its weight mg. Resolve it into two k4 
components, one along the string and the Fig, 1-5,28(b) 
toher perpendicular thereto, of magnitudes mg cos @ and mg sin 6 


T 


Cm eee 


bag 


mgcosð 
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respectively. mg Cos 6 will be balanced by the tension T in the 
string. Tae component mg sin @ is the unbalanced force which 
causes the bob to move towards A from its position of rest. 

If 9 is very small, ( less than 4°) we may take sin o~~o.« The 
distance of the bob from A will then be Ja=x (say). The very small 
arc in which the bob moves is then almost a straight line, The 
force acting on the bob is then mgo = mgx/I. 

Clearly, it is a restoring force proportional 
the bob from its position of rest, Thus we get 

mf =—mg. x|! or f= —(gll)x= =x 
where o= J/g/I (1-5.11.1 ) 

So the motion is executed with a periodic time T, given by 

(1-5,11 2) 


1 to the displacement of 


The bob moves with simple harmonic motion about its position 


of rest, 
If 9 is not small and while measuring 7, amplitude falls frem 0, to 


o, then it can be shown that the corrected time period is 
T=T (1-0,0,/16) 

where T” is the observed time period, Thus we find that if o>4° 

the observed time-period rises. 


1-5.12. Time displacement graph 
ment graph (y vs. t) in S.H.M. can be easil 


in SHM. The time-displace- 
y obtained geometrically 


Fig. 1-5.29 
from the uaiform circular motion of which the S. 
Refer to fig 1-5.29, The circular moti 
es for values of sin 0 and 0, those of angles 


You will find values upto 4° expressed in 
sine values till you reach sin 4° but not beyond. 


H.M. is the projece 
tion, on is along DBECD. 

» Look up the logarithmic tabl 
converted from degrees to radians. 
radians, identical with those of 
Also see eq. 0—2.7.1. 
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The projection is taken on the vertical diameter BC, At the initial 
moment the particle is at D where ED is perpendicular to BC, Divide 
the circumference into a convenient number (here 12) equal parts, 
Mark the points of division successively as 0, 1, 2, 3 etc. starting with 
D as zero, (The mark 12 falls on D or 0), Extend the line ED to 
the right and mark along it a number of equidistant points, taking 
the first of these points (A’) as zero, Number the points successively. 
(There are altogether 24 such points in the figure), 


Suppose at ż=0 the moving particle was at D (i.e. zero) and its 
motion was anticlockwise, Tis angular velocity is w=2n/T =2nn. 
The foot of the perpendicular dropped on BC from the moving point 
describes the S.H.M. along BC, 

From the marked points on the circumference drop perpendiculars 
on BC, As the moving particle on the circle crosses a particular 
mark, the foot of the perpendicular drawn from this point on BC gives 
the position of the point in S.H.M, Its displacement at the moment 
is the dstance of the foot of the perpendicular from the centre A 
of the circle, At each marked point on ED extended draw a perpen- 
dicular line, Intersect these lines by lines drawn parallel to ED 
from the marked Points on the circle, Mark those points of inter- 
section which correspond to the same number on ED produced as on 
the circumference (such as 0, 0 ; 1, 1 Spee e S N 5 
etc,). Drawa smooth, continuous line through the points so marked, 
This is the time-displacement graph of the given S,H,M, The 
axis along ED produced, is the time axis, each interval on which is 
7/12, The ordinates are the corresponding displacements, The 
amplitude is the maximum of the curve Ifr is tbe radius of the 
circle, the displacement is confined between the limits +r and -r, 
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1-61. Angular Acceleration : We now take up angular 
acceleration of a circulating particle as also of a revolving rigid body 
of finite size. You know that a rigid body is one which retains both 
its shape and size unaltered under forces however large they may be, 
It is an ideal solid, an abstraction introduced for simplicity, but the 
solids we generally use are fair approximations to rigid bodies, 

Such bodies may rotate about a point or an axis inside the body’ 
or outside it, Spin axis of the earth is through it while the sun taken’ 
as a point round which it moves, is outside it. A spinning top’ 
rotates about central axis through it, doors revolve about an axis 
throug’ its hinges, a stone tied toa string does so about your 
finger as axis. By the term rotation, we shall understand that of a 
finite body either with uniform angular speed or acceleration that 
may be constant or variable, As we have done for linear acceleration, 
we consider here only constant angular acceleration. 

Time rate of change of angular velocity is angular acceleration. 
When the time-interval considered, is very small it becomes instantane- 


ous acceleration. In symbols 


Average acceleration is gota be (1-6,1.1) 
Tomita, gud 


and instantaneous acceleration 


= do _ do. (1.6.1.2 
2 At oat dt ( Ra ) 
ud do _ d?o 1-6,1.3 
aNd} di? eR” 
Unit of angular acceleration 
is rads/® 


Relation between Linear and 
Angular acceleration : Let a finite 
body rotate about a perpendicular 
axis through O (fig. 1-6.1,, a point 
within the body, with constant 
angular acceleration x. A particle Q er Ts 
in it then moves along a circle of ater 
radius r, Its linear velocity y must be tangential to the arc atQ, 


192 MECHANICS 


In ‘tnovitig to'the “point P, y must change by dy in time dt. 
‘So its linear acceleration is 


E ae =P Tak 5 
Now in circular motion r is coust.* fe 
ale (16.14) 
>. Linear acceleration=radius vector xangular acceleration. 
‘The particle simultaneously experiences a normal acceleration, the 
‘centripetal one, of magnitude 
, Gg=ro? 
that you already know 
1-6.2. Rotation with Constant Angular Acceleration: The 
simplest of accelerated angular rotation is when angular acceleration 
is constant, From definition we have 
«= ee 


or Pe fa 
> 
l OF w— w=x! O w= wota! (1-6.2.1) 


as the angular velocity grows from wọ to œ in the time-interval t. 
Again, since œ = de/dt we have 


6 w t t 
[da= fodt= f ogdi—fxt dt 
ò Do ò ò 
“+ Om mot+ hat? (I-6.2.2) 


Finally we may write 


a=% „do do -wp 
dt dodt do” 


or [eager 
v Og 
Or 4.d0 = }(w?— wg?) Or w? =w? +240 (L-6,2,3) 
These equations are identical replicas of those for linear accelerated 
motion (equations I-1,7.1 to I-1.7,3) 


* When motion occurs along an ellipse as for a planet round the sun, a 
satellite about a planet or an electron round the atomic nucleus, ris no longer 
constant but a variable (See fig. II-1.12 ) 


d WA 
ACCELERATED ROTATION 193 


Example 1-6.1 A wheel is rotating about its axis with an angular 
y yelocily of 5 revolutions per sec. At the end of 40 secs the velocity 
drops to4 revolutions per sec. If in the next 20 secs the angular 
 yelocity increases to 8 revolutions per sec find the number of revolutions 
the wheel makes during the minute, assuming that that the changes 


have been uniform 

Sowition : During the first 40 secs the average angular velocity is 
5+4)+2 45 rps (revolutions per second), During the next 20 secs 
itis (4+8)+2= 6 rps, The total number « f revolutions executed in 
the minute is therefore, 40 x 4'5-+20 x 6= 300 

Ex 162 A wheel has a constant angular acceleration of 2 
rad/sec?, It turns through an angle of 500 radians in 5sec. Ifit 
started from rest, what was its angular velocity at the beginning 


of the 5 sec interval ? 


Solution: Let ts be the time which passed between the 
joni e interval, At the end 


start of the motion 

of the interval the time is (t4+5) sec. In ts the wheel has 

turned through an angle 0 = 44!? 5 (1+5) see it turned through 

, o= za(t +5). Hence in the last 5ste it turned through 
0—0 = }a(101 +25). Since 9°— 9=200 and a=2, we get t= 47,5 sec, 
The required angular velocity is therefore w=415x2=95 rad/sec. 

A body revolving with a const angular acceleration of 


with an angular velocity of 300 r.p.m. Fi 
also the time 
ins. 


of angular velocity and 


16.3. Angular moment on Momen 
ticle of mas m move with a linear velocity ¥ ; 


momentum of mv in the direction 
ofy, Let the perpendicular distance d 
from the line of action of v be d De, 
(fig. 1-6.2a). Then the product zá 
ax mv is called the moment of > 
momentum oF angular momen- FA 4 
tum of the particle about the i 
point O which is 

L= mvxd 

L=mvyd (1-6.3.1) Fig. 1-62 


or 
Angular momentum L is a vector quantity like angular velocity 


and angular acceleration and a very important quantity in rotational 
motion, Like its linear counterpart angular momentum is a 


conserved quantity and hence its importance, In fig, 1-6,1 if the 
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particle at Q is of mass m, its angular momentum about O the 
center of the circle, will be mvr whea yis the linear velocity at Q. 
Since y=wr we have L=myr = mr*o (I-6,3,2) 


In both the above equations Z is the magnitude of angular momentum. 
The dimension of angular momentum is therefore ML*T-+ and its 
unit gem*s-* or kgm*s~?. 
Ex, 16.3. An electron in a hydrogen atom revolves round the 
o 
proton once in 15x 10-15 s along an orbit of radius 0.6A. If its mass 


is 9,71 X 10-28 g find its angular momeutum. 1 7 10-® cm 
Solution; L=mr*o=mr*,2x/T 
=9,1 x 10-28 gx(0.6x 10-8) em* x 2/15 x 10-25 s 
= 1,36 x 10727 gcm? s-1 
Note : (1) In explaining the origin of line spectra of the hydro- 
gen spectra, Bohr postulated the possible electron orbits to be such 
that there, the angular momentum of the electron is quantised i.e. 
must be an integral multiple of h/2x where h, the Planck’s const 
which like ¢ the velocity of light in vacuum and G, the gravitational 


Constant is another universal constant, In this case we have L=nh/2n 
where n= 1, 2, 3, „tC, 


(2) Kepler’s second law of plinetary motions (sII-1,15, is found 
to be a consequence of conservation of angular momentum, * 

Marvel at the scales involved ; mass of an electron of the order 
of 10-** kg, that of our earth of about 10*24 kg, the electron orbit 
of radius the order of 10-10 m, that of earth of 1022 m yet both are 
treated as point masses, ‘ 

I-64. Moment of a Force about a point This is defined as 
follows :— 

Moment of a force about a point is the product of the force and 
the perpendicular distance between the point and the line of action of 
the force. 

In fig I-6 2b AD represents the line of action of the force F (=BD) 
at a perpendicular distance of OC from a point O, Then the moment 
of F about O is 

M=Fxd (-6.4.1) 

M here measures the turning effect of F about O and i; a vector. 
1f o lies anywhere on AD, the line of action of F, the moment 
vanishes and F can not produce any rotation about O. 


: 
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The product Fxd ie, DBx OC represents twice the area of the 
AOBD obtained by joining the ends of the force vector to the point 
of rotation and this is the moment of F about O. 

If a number of (coplanar) forces act on the particle together, 
none- of the lines of action passing through O, then the resultant 
moment about O is the algebraic sum of moments individual'y 
developed i.e. 

M-m,+m,+mgt.-.... OF Rxd=F,xd,+F, 4, 
+F, xd, +—-- 
when R is the resultant force and d its moment arm, 

L65. A. Moment of a Force about an Axis : In fig 1-6,3 we 
consider a plane horizonital lamina rotating about a vertical axis _ 

! AOB. Leta force P be acting along the lamina at an angle 6 to the 


RO A 


Fig. 1-6.3 


line perpendicular to the horizontal radius vector or moment arm 
ON. Tnen P sin 9 is the effective force component along the 
lamina producing the rotation, Then the moment of P about Ois- 
given by 
=- > 

M=Psin 0.ON=P sin 0,d=Pxd (1-6,5,1) 
Note that moment of a force is a vector product of two vector 
those of force and displacement for their magnitudes are multiplied 
by the sine of angle between them (See I-2,12.3) The same vectors 
multiplied by the cosine of the included angle gives work, a scalar 
p:oduct (chap 1-8), 
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Next we consider a heavy door hinged about a vertical axis AB 
(fig. 1-6,4), Experience tells us that a smaller 
force can swing the door open when it is 
applied perpendicularly to a point closer to the 
ring as shown than when force is applied 
closer to the axis AB. If we measure the two 
forces by a spring balance we find that to 
produce a slow uniform rotation of the door 
about the axis 
the force x distance of its point of 
application = const 
The moment arm d here also called the 
Fig, 1-64 lever arm, is as above, the perpendicular 
distance of the point of application of a perpendicular force F from 
the rotation axis AB, Asabove, the product Fxd is the moment 
of the force or torque above the given axis. Torque however also 
means the moment of force about a point, 


So the rotational effect of a force is measured not only by its own 
magnitude but also by that of its distance about the given axis. A force 
produces the same turning effect when applied on a body at a certain 
distance from the rotation axis as half that force applied at double 
the distance, 


If a force is applied along the door as shown by F at the right 
extreme, its line of a action passes through the axis and no rotation 
can result for d the moment arm is zero then, 


Inclined force: If F is applied not perpendicular to the door but 
at an angle then the effective force becomes smaller for F sin 0 is 
always less than F; sing<1) and so does the torque. Then we 
resolve itin Components F,(= F cos 6) along and F,(=F sin 0) per- 
dendicular to the plane of the door, Fs produces no turning, 
all of which comes from Fy aud the effective moment or torque 
becomes 

Fy xd=Fsin @xd (1-6.5.2) 

B. Moment asa Vector, Being a cross product of two vectors, 
moment is itself a vector, acting along the axis of rotation, Observe 
that an anticlockwise rota'ion drives the axis along the +vé 


bye 
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along the —ve direction of 
x-axis, Hence conventionally, 
"moments that tend to produce 
anticlockwise rotation are taken 
to be positive and those tending 
to anticlockwise motion, are 
taken to be negative (fig. 1.6.5). 
Let a plane lamina hang from a 

~ horizontal nail at O in a wall 
(fig 1-6.6) and two small nails are 
on it at A and B with two pieces 
of string hanging from it, Ifyou 
pull that from A by a tension F;, 


the lamina moves anticlockwise Prov! 
form B produces a clockwise motion and a 


tension F, On the string 


Fig. 1-66 


C. Equilibrium of Moments. 
equal. 


rotation a 
forces in its plane. 


opposite. 


so that you 
the rope from the ground level ? 


N-m, (consider r 1 
and F,, vertical. 
Two moments or torques balance 


each other when they are equal and opposite. 
Consider the forces F, and F, 
t O is perpendicular to the plane of the lamina and F,, Fa 
If the moment arms be respectively a and b 


the moments be equal and we 
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4 
“direction of x-axis anda clock-wise rotation drives the same 


Torque vector 


Force or 
moment arm 


Torque 
vector 


(b) 
Fig, 16.5 


iding a positive moment while 


negative moment. 

Ex. 1-6.4. 
string wrapp 
in diameter. 
ihe axle of 


‘A 10 kg load hangs from a 
ed round a vertical wheel 10 cm 
Find the torque exerted about 


the wheel. 
Solution : Refer to fig J-6,5a and imagine 
F, to be proyided by the load. Then the 
9 


torque L=F,Xr= 1 


3 Nx005 m=49 
n the fig. to be horizontal 


Forces need not be 
in fig 1-6.6, The axis of 


about O, then there will be no rotation when F,xa=F,xbie. 
have seen above that they are 


Ex, 1-6.5. Where would you fasten a rope ona yertical lamp-post 
can overturn it most easily by pulling at the other end of 
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Solution: Let OP be the pole AB(=/) the rope, A the point of 
fastening of the rope and B the position of 
your hand pulling with a force F. Let 
ZABO be o and OC the normal on AB, 

Then OC=OB sin ọ and OB = AB cos 9, 
Hence 

OC - ABcos 9. sin ọ= 4/ sin 29 
So the moment of F about O= Fx 41 sin 20 
For the maximum moment we have 

sin 29 =1 i.e. 9 = 45° 
and OA=AB sin 9 =] sin 45°=1//9 

So the fastening point A must be at a 
height equal to //,/9. 

Ex166. A2kg wheel of radius 40 cm rests against a step half 
as high. Find the minimum horizontal force that must be applied as 
shown will force the wheel climb up the step. {1LT. ’76] 

Solution: Facts through O the center of the wheel, of which 
ithe weight acts vertically down- 
wards through the same point, 
Perpendiculars AP and AQ 
are dropped on the vertical 
radius and the line of action 
of F, 

When the moment of F 
about A exceeds that of W 
about the same point will the 
wheel mount the step So the 
condition for minimum F is 

FxAQ= Wx AP 

or Fx /40*—23 cm 
=2kgfx JAO7—OP* cm=2 kg"x J40?—208 
=2 kgfx 20 J3 cm 


<. Fm2 f3 kgf 
Prob, Show that the condition to be fulfilled to push a heavy 
wheel of radius Rand weight W above an obstacle of height h by a 

horizontal force F though its center is 

F>Ww. /2hR—R3 
R-h 

16.64. Couples 4 pair of equal unlike parallel forces whose 
dines of action ona finite body are not the same, is said 10 form a 
couple. Its effect is to produce rotation, When we turn a door knob, 


wind a watch spring or an old-fashioned wall clock key, use a screw- 


a 
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driver or acork borer, spina top or operate a tap (fig 1-8. a) we 
apply a couple in each case with our fingers. A pair of bullocks 
‘or men turning a vertical spindle in a village oil-press apply a couple 
by a long horizontal pole. 


In fig. 1-6,7 a couple is formed by a pair of forces F and — F as 
shown acting at the two points A and B of an extended body, The 
—ve sign merely implies that one of the forces are opposite to the 
other in sense, 

Moment or torque of a couple is the algebraic sum of the 
moments of the component forces (forming the couple) about any 
point in the plane of the couple. If O be 
such a point and OC and OD their lever arms 
Fx OC and Fx OD are the moments of the 
components about O. From the figure we 
find that both tend to produce rotation in 
the same sense. Hence the algebraic sum of 
moments is F(OC+OD)=F xl, So the 
moment or torque of a couple is the 
product of either force and the perpendicular separation between 
their lines of action. Torque of a couple like the moment of force 
measures its ability to produce rotation, 

Axis of the couple isa line perpendicular to the plane in which 
the forces lie. When a couple acts on a freely movable body its axis 
of rotation passes though its center of gravity. The torque is +ve 
when looking to the body along its axis of rotation, it appears to be 
anticlockwise (fig I-6.5). It is —ve when rotation appears to be 
clockwise, We have indicated before, that torque is a vector along 
the direction of its axis. 

B. Equilibrium of Couples : A force 
acting singly cannot balance a rotation 
due to a couple. To do so another 
couple is necessary, Two couples would 
be in equilibrium (ie. would not rotate 
a body) if their couples are equal and 

Fig. 1-6.8(2) opposite. In fig, 1-6,8(a) (F,, — Fx) and 
(Fa — F, represent a pair of coplanar couples acting on the same 


Fig. 1-6.7 


200 MECHANICS 


rigid body, Let the +ve forces meet at A and the —ve forces 
at B let the lever arm of the first couple be AO and BP that of 
the second, If now AOxF,=BPxF, the torques will be equal. 
If further, their senses be opposite no net rotation of the body 
woald occur. 4 
A common balance while weighing equal masses (I-6.8b) provides 
a simple example of balancing couples. Let the balance-arm AB 
be pivoted on a knife edge 
K at its mid-point The 
standard mass W and the 
experimental one M hung from 
the two ends of this equal-arm 
balance are attracted by the 
earth with forces Wg and Mg 
respectively, Each of them 
produce equal reactions at K 
thus producing a pair of 
Fig. 1-6.8(b opposite couples, The lever 
arms being equal the couples are equal when AB, remains horizontal. 
So for that position the forces and hence the masses would be equal. 


Mg wg 


1-6.7. Relation between angular momentum and torque 
f For simplicity, let us suppose that a particle of mass m is moving 
with velocity y The force on the particle is F (fig I-6.2) both the 
same direction, O is a point at a perpendicular distance d from the 
line of action of F or y. 

The magnitude of the angular momentum of the particle about O 
is F=mvd The moment of the force F about OisM-=Fxd. Now 
F=ma_ my/t or Ft=m. 

2. L=mvd=Ftr = Mt or L/t=M (1-6 7,1) 
In words, we may say 

The time rate of change of angular momentum of a particle about a 

point is equal to the moment of the force (the ae ont the point. 

In rotational motion, we get an important result from eq, I-6.7.1 

L mr_mo 
M=-= oe TT =m" =(2) mrt {I-6.7.2) 
where <= w/t = angular acceleration of m, So we find that a torque 
(or the moment of a force) causes angular acceleration. 
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In linear motion, a force gives rise to linear momentum and linear 
acceleration, In rotational motion, a moment or torque gives rise to 


angular momentum and angular acceleration. Both linear momentum © 


and angular momentum are conserved quantities. 

1-6.8. Moment of Inertia : The quantity mr? is said. to be the 
moment of inertia, The term is used specifically for a finite rigid 
body rotating about a perpendicular axis through any point 
through it, Then m is the mass ofa particle in it at a distance r 
xis of rotation ; since the body is made up of innumerable 
etc at distances r,, Fa, g.. -Ete 
f inertia about that particular 


from the a 
particles of masses ™,, Ma; Mg++ 
from the axis of rotation, its moment o. 
axis is 

I=m,r1 FMF" Fals + Mpa’ = Smr" = MK? (1-6.8 2) 
where M(=5m) is the mass of the whole body and K(= J'sr*), the 
radius is gyration of the body. K represents the distance from 


the axis of rotation such that with the whole body reduced to a 


particle of mass M and moving in a circle of radius K has the 


same KĶ.E as the body itself revolving as a whole around the given 
axis, 

The equation I-6.7.2 then can be alternatively expressed a8 
Torque M=I« (1-6,8.2) 


with which you compare F=ma in linear motion, So that J, the 


moment of inertia in rotational motion, plays the same role as m the 


mass, plays in linear motion, 


Thus the moment of inertia of a body can be defined as the ratio 


between torque and the angular 
acceleration (I=M]«) or the oO 
torque required to produce unit 
angular acceleration, Note that 
it is the ratio of cause (torque) 
and effect (angular acceleration) 
just as mass (m= F/a) is, Between 
these two is a difference that t 

2 Fig 1-69 
mass is constant for a body but 
its M.I, varies with the position as well as the direction of rotation 


16 
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axis, Further mass is a scalar, while M. T, is not, neither it is a . 
vector ; itis a tensor. 

But as we have repeatedly stressed that angular. velocity, angular 
momentum and torque are all vectors. They have the direction of 
the motion of the tip of a right handed screw when it is driven 
forward, Fig, 1-6,9 shows the relation between the direction of 
rotation and all these vectors, Note that by substituting I-6 8.1in ` 
1-6,7.2 we get 

L=Io, (I-6.8.3) 

1-69, Principle of Conservation of Angular momentsum 


In eqn 1-6.8,2. we found that torque= Moment of inertia x angular 
acceleration ie, M=Jx. This relation can be put as 


dod 
M= I~ = 7 (10) (1-6.9.1) 
Again, from 1-6,8,3 we get angular momentum L= Jw, Hence 
wld (py ab 
M= a) sai or M.dt=dL (1-6.9.2) 


Note that M.dr is analogous to F-dt, the impulse of force in linear 
motion, Hence M.dt is said to be the angular impulse or the impulse 
momen’, which equals the change in angular momentum of the 
rotating body, 

From the relation M=dL/dt, we may say that the exretnal 
unbalanced torque equals the time rate of change of angular 
momentum—a statement equivalent to Newton’s second law of 
motion, 

If this torque vanishes, dL/dt=0 i.e, the angular momentum is 
constant—the rotational analogue of Newton’s First Law of motion. 
Thus if no external torque acts on a rotating body, its angular 
momentum does not change i.e, is con-eryed. This is the Principle of 
Conservation of Angular momentum and ranks with the principles of 
conservation of linear momentum and energy as one of the most 
fundamental relations in mechanics, 

A gymnast, a daacer spinning on her heels, a diver all utilise this 
Principle for their particular performances, Refer to fig 1-5.6(a) where 
a gymnast on a spinning platform is found to slowly bring in his 
outstretched hands carrying dumbells close to his body ; he is found 
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to spin faster. Fig 1-6 10(a) shows the second performer, a spinning 
‘ballerina, who is found to spin faster as she closes in her outstretched 


Small 1 Large I Small I 


Large w Small w Large w 


Fig. +1-6.10(a) 
| hands; her flying pigtails indicate gher 
‘droops as she slows down as she 
stretches out her hands and palms, 
Fig, I-6.10(b) shows a diver jumping 
with his hands and feet extended 
with slower rotations ; his angular 
speed increases sharply as he’ doubles 
himself up. In all these cases with 
outstretched limbs the moment of 
inertia (T= MK?) is larger and angular 
velocity (w) smaller. As the limbs 
are drawn in, the radius of gyration (K) and hence J diminishes ; 80 œ 
has to increase to keep Jo constant and it does soin all these cases. 
For the diver, note that however he spins and twists, his C.G. wauid 
describe a parabola, We stall return to this point in 1-7,10, 


fast spin which however j 


Fig. 1-6.10(b) 


maintains a constant angular 
f inertia about the spin axis 
remain constant. Hence the 
convenient basis for our time 


The earth, spinning on its axis, 
momentum, So longas its moment ©! 
does not change, its angular velocity will 
angular rotation of the earth forms a 
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measurement. If however the earth contracted to half its radius, the 
day would shorten to 6 hours only to maintain angu’ar momentum 
constant, 


But in the course of aeons new mountains rise above the surface 
and rivers carry millions of tons of silt towards the equator. Such 
causes increase the mcment of inertia of the earth slightly and reduce 
its angular speed, Tidal friction dissipates the rotational kinetic 
energy of the earth into heat and causes it to slow down, It has been 
estimated that the earth is slowing dewn at the rate of 0,001 sec per 
century. The pull of the sun and the moon heaps up water uncer 
them thus producing a bulge on the earth’s surface, thus raising K 
and so Z and hence diminishing œ or angular velocity and so lengthen 
the day, very very slowly. 


1-610. Correspondence between linear and rotational motion 
In the previous sections we found a striking correspondence between 
relations governing rotational motion and those governing linear 
motion, These are such that any equation for linear motion can be 
converted into the corresponding equation for rotational motion by 
replacing mass (m) by moment of inertia {7', linear velocity or acce- 
leration by angular velocity or acceleration, and force (P) by torque 
(T) The correspondence is set forth in the table below, 


T 


Linear motion Rotational motion 


Linear displacement (s) ... s. | Angular displacement (6) 


» velocity (v) a e|» velocity (w) 
»  accerelation (f) » acceleration (a) 
Mass (m) bos +++ | Moment of Inertia (J) 
Linear momentum = my + | Angular momentum= Io 
Force (P) » | Torque (T) 
PRON 3 i « | T=Ia 
inear kinetic energy = mv? = | Rotati ineti =}lv* 
Work done= Ps a . | work eae > a 


Aa 

Note A point of distinction shoul’, however, be remembered. 
While the mass of a body is constant, the moment of inertia of a body 
changes with the position of the axis of rolation relative to the body. 
Corresponding to each position of the axis the body has a different 
value of the moment of inertia, 

1611. Newton’s Laws for Rotational motion: Pushirg the 
correspondence further, the following laws taking after Newton’s 
basic laws of motion may be formulated governing rotational 
motion $ 
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First Law; A rotating boy will continue to do so about an 
unchanging axis unless acted upon by an external unbalanced torque. 

Second Law: Time rate of change of angular momentum is 
proportional to the externally impressed unbalanced torque and takes 
place in the direction in which the torque acts. 

Third Law : ‘To every torque applied on a body there is an equal 
and opposite torque acting on the agent. 

Discussion: The first law embodies the principles of rotational 
inertia and directional inertia as exemplified by the spinning earth, a 
top or a gyroscope. They spin without practically any external 
torque disturbing them, 

So long as men have kept records very little change in the length 
of day and night ie, rate of spin of earth has been noticed, For very 
long periods travellers and sailors have found aa unfailing direction 
locator in the Pole Star at night because it has never changed its 
position in the heavens, This constancy is. due to the fact that the 
earth’s spin axis passes very close to the pole star. Both the observed 
phenomena illustrate the principles of rotational and directional 


inertia, 
Look at a spinning top. So long as it spins fast its axis remains 


unchanging in the direction, in which you had planted it on the 
ground, Only when air resistance slows it down you will observe its 
axis altering direction i.e. wobbling, technically called precessing. The 
earth is likened to a giant top or gyroscope, j 

A gyrosbope is simply a heavy disc revolving fast about a 
perpendicular axis through its center. As it has directional inertia it 
will recover direction if the axis is slightly disturbed, This property 
has been utilised in gyro-compasses to maintain steady direction by 
astronauts in spaceships and sailors anywhere in ocean liners, Its 
axis is made to point north and south in ships and planes. It also 
guides a torpedo to the target ship, by having the axis of rotation set 
towards it. 

The barrel of a rifle is so spiralled that a rifle bullet leaves it 
with fast spin, Directional inertia enables the bullet to cover 
much longer distances in a straight line than that from an ordinary 
gun, 
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Moment of inertia also referred to as rotational obstinacy which 
derives its dynamical or physical definition from the second law, is the 
most important quantity in rotational motion. Large heavy discs 
rotating about a perpendicular axis called flywheels are widely used 
in various devices in maintaining angular speeds uniform, particularly 
in face of sudden disturbances in rotating parts of machinery, 


Gyroscope (fig I-6.11) consists essentially of a balanced heavy 
wheel mounted in a gimbal ring so as to spin freely about its hori- 
zontal spin axis B,B,. 
When the disc spins 
very fast it exhibits 
“gyroscopic stability,” i.e. 
rotational obstinacy or 
resistance to change of 
direction of spin axis, 

If it is mounted in 
three gimbal rings (as 
shown) and kept spinning 
fast electrically with small 
friction at the pivots, then 
it will maintain its spin 
axis unchanged in direc- 
tion, If such a spinning 
“gyro” is placed on a 
table with its spin axis 
BG horizontal pointing east- 
west, it will show you that the earth rotates ; you will observe that 
after 6 hours the axis becomes Vertical, direction reverses after 12 
hrs and it comy'ete: one revolution in 24 hours, This is because, the 
angle between t'e spin axis and the vertical line changes as the 
earth rotates; for with the spin of the earth the vertical at ‘the 
Place changes in relation to space but the gyro keeps its axis fixed 
in space, 


F's, I-6,11 


: In the fig, I-6,11, A,A, represents the horizontal, CC, the ver- 
tical while B,B,, the spin axis, 


1-7 
STATICS 


1-71. Introduction : Statics deals with particles and bodies at 
rest and in equilibrium. A system of particles isa collection of 
particles that are isolated from everything else—the so called closed 
system, Bodies considered will be rigid ones ie. collection of infinite 
number of particles of unchangeable separations as We have learnt in 
the last chapter. A particle or body is said to be at rest when it has 
no velocity linear OF angular relative to its reference frame i.e. its 
surroundings, They are in equilibrium if there is no acceleration i.e. 
when subjected to balanced forces. 

A person in a moving car is at rest w.r.t. his fellow-passengers 
though he is really in motion. A-hanging fan or a car in uniform 
linear motion is in equilibrium. a 

Motion may be linear oF rotational or àa combination of both. A 
body at rest and in equilibrium must have neither. An unbalanced 
force produces linear motion, an unbalanced torque, a rotational 
motion in both cases accelerated. 

Remember a particle may be be rest but not in equilibrium ; © &- a 


rising particle when it is at the top of its climb or a pendulum bob at 


the end point of its swing—there is acceleration but no velocity. 
out being at rest ie. the 


Again a body may be in equilibrium with 


above cited passenger in a car in uniform linear motion’ or the 
here is velocity but no 


pendulum bob crossing its mean position—t 


acceleration in either case. 
17.2 Equilibrium of a body: It occurs when the resultant force 


ie, acceleration on it vanishes, It may be (i) at rest (ii) in uniform 
linear motion or (iii) rotating at a constant speed, For simplicity 
we consider all the forces to be in the same plane ie. coplanar. 

If a number of coplanar forces act upon a particle, a single 
resultant may be found ( by polygon of forces), When they act on a 
body they may add up to either 4 resultant force through its center 
of mass ( where the entire mass may be taken to be concentrated ; 
see sI-7,10) or to a pair of equal parallel unlike forces producing a 
torque. For equilibrium both must vanish. The concept of 
equilibrium of a force is very important in physics, 
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Conditions of Equilibrium: (1) The vector sum of all the 
Forces acting on the body must vanish Then there would be no 
linear acceleration. 

(2) The torques about any axis within the body or without must 
be balanced ; the sum of clockwise torques must cancel out the sum 
of anticlockwise ones. This latter is also called the Principle of 
Moments, the sums taken being algebraic in this case, When this is 
fulfilled there would bè no rotational acceleration. 

These are the two general conditions of equilibrium under a set of 
coplanar forces, 

Equilibrant : It is that force or couple that nullifies the action of 
forces and torques on a body and keeps it in equilibrium, Since it is 
a single force or couple an equilibrant must oppose and equal the 
resultant of coplanar forces or couples acting on the body, 

1-7.8, Discussions on the First Condition : 

(1) Equilibrium under two forces can be obtained (in the light of 
above discussions) when they are (a) equal in magnitude (b) opposite in 
direction (coplanar) and (iii) collinear i.e. acting along the same line. 

If this last condition is unfulfilled, the system of forces become a 
couple generating angular acceleration, 

(2) Equilibrium under three non-parallel forces is obtatined 
when they are coplanar and concurrent i.e, in the same plane and the 
line of action passing through the same point, 

Since any two coplanar forces are concurrent when non-parallel, 
and forma resultant (parallelogram law), for equilibrium the third force 
must be the equilibrant ie. 
equal, opposite and con- 
current to that resultant. 
Refer to fig. I-7 1 (a) where 
three forces F,, F,, Fg act 
through the center of mass 
of a body at O and are in 
equilibrium, F, and F, 
add up to a resultant 

Fig. I-7.1 directed to the tight and 
Must be nullified by F, acting at the same point opposite in direction 
and equal in magnitude, Thus the three forces in equilibrium are 
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coplanar and concurrent. In fig. (b) F, a represents the resultant and 
F, the eqvilibrant, 

A. Triangle of Forces rule: From this discussion as well as 
fig, 1-7.1(b, it follows that shree non-parallel forces in equilibrium may 
be represented in magnitude and direction by three sides of a tringle 
taken in order. 

Thus if we lay down the vectors F,, F, and F3 successively each 
one being laid in the proper direction from the end point of the 
vector last drawn we get a closed triangle. This is the triangle of 
forces rule, 

Example 1-7 1- A body weighing 12 kg is suspended vertically by 
a string. Find the tension in the i 
string when the body is pulled to 1 
one side by a horizontal force of 4 
5 kg. ( See fig ) i 

Solution; The body is in i 
equilibrium under the action of 1 
three forces, namely, (i) its l 
weight of 12 kg acting vertically ' 
downward, (ii) the horizontal ; 
force of 5 kg. and (iii) the 
tension T in the string. ince 
the body is in equilibrium, the 
resultant of any two forces acting 
on it must be equal and opposite 
to the third force. Heace T 1s 
equal and opposite to the result- 
ant of the perpendicular forces 
G) and (ii). Tts magnitude is 12 Ke wt 

Yizt¢5*=13 kg? Again we (a) (») 
_ may consider the dotted line to 
be the resultant of T and the 
horizontal force, which is neutralised by the downward vertical force. 

In (b) is shown the triangle of forces, vectors in equilibrium laid 
out in suceession, one starting from the end point of the last. 

B. Lami’s theorem states that when a body is held in equilibrium 
by three forces, each force is proportional to the sine of the angle 
between the other pair, Let a force P replace: the puli 5 kg-wt and 
W, the 10 kg-wt in the above figure. Then from Lami’s theorem we 


shall have 


5 Ke-wt 


S 


P. W 


SS e 
Sip Oyp SID Orr SV Ore 
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TENE ? Ls, wW 
Mefollows then. a= sin 180a) sia OOF) 
5 12 5 
SSE ie == = 13 kgf 
or ain oacomgia tan @ 2 or T g 


The theorem isa consequence of (i) law of sines in trigonometry 
( tbe ratio of any two sides of a triangle is equal to the ratio of the 
sines of their opposite angles ) and (ii) the fact that when three forces 
on a particle are in equilibrium they form a closed triangle 
(fig, I-7.1 b). Jn that figure we see that from the law of sines 

Fy _sin (180°-6,,)_sin 0,, 
F, sin (180-0,,) sin 0,, 

whence it follows that 
Fi i F, è F,=sin 9,,:sin ,,:s'n0,, 
5 Fy eer REET 
sm ð y SiN 6,5, SiN), 

To summarise ; For a body to be in equilibrium under three non- 
parallel forces, 
(a) the forces must lie in a plane, i.e., be coplanar ; 
(b) the forces must meet at a point, i,e,, be concurrent ; 
(ce) the force polygon must bea closed triangle, i.e., the forces 

must satisfy Lami’s theorem, 

C. Yet in another way the conditions of equilibrium proposed 
above, can be mathematically stated—that of Resolution of Forces 
and Algebraical Addition of Components. 
: Confining ourselyes to coplanar forces only, we resolve each force 
into components F and Fy in convenient x and y direc ions in the 
plane. Then for equilibrium, since the resultant is to disappear, we 
must have =F.=0, and 5F,=0 (I-7.3.2) 

If T stands for the moment ofa force (i,e., torque) about some 
point in the plane, then condition 2 states that 

=T=0 (I-7.3.3) 

Ex 17.2. a body weighing 10 Ib is sus; fi 
by a string of length 5 ii It is pulled ite lah lage aH 
wt, and remains in equilibrium when the string is inclined at 30° to the 
vertical, Find the value of P and the tension T in the string. 


Solution ; (a) Refer to the diagram of the first example , replace 
the force 5 kg-wt by a force of P Ibf, 9 by 30° and draw a vertical 
downward dotted line from the top of T vector with which it will 
make an angle of 30°. 


or. 


(f-7.3,1) 
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The body is in equilibrium under three concurrent forces P, Tand 
10 Ib wt, Resolving vertically we get T cos 30°— 10 lb wt=0, and 
resolving horizontally T sin 30°—P=0, So we have c 
T=20/ J3 lb wt and P=7/2=10/ J3 lbs wt. 
(b) Again from Lami’s theorem 
pelos ta = 10 Ibs.wt 
su 90" ~ sin (180° —30°) sin (90° + 30°) 
ta eae a =, P=10 tan 30°=10/ /3 Ibswt 
and T=10/ /3'2=20/ J lbf 
The answers are identical, 
Problem: In the above problem what will be the value of ‘P, if 
in the equilibrium position, there is another force of 2 Ibf acting 
on the body vertically upwards. 
(Hint: Draw the necessary diagram We have now 4 concurrent 
forces on the body, namely, 10 Ib wt acting vertically downward, 
2 Ib wt acting vertically upward, P acting horizontally, and T acting. 
upward at an angle of 30° to the vertical, Resolve the foeces 
vertically and horizontally. The algebraic sum of the vertical forces 
=0; so also for the horizontal forces, Ans. P= 8/ J3.lb wt) 


Ex. 17.8. An apparent trick may be applied to pull out a ditched 

le hoppenes to be near, a strong rope 
as far taut possible and pulled by a 
he rope as shown in the fig. below. A rather 


man at the middle of | 
How ? 


smull pull suffices to extricate the car. 


a 100 kgf force and the angle between the 


If the man pulls with 
segments of the rope is 150° find the tension in the rope. 
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Solution; (a) Refer to the force diagram. The two components 
T cos (90—x/,) along the dotted line cancels out and the two sine 
‘components add up to 2 T sin 90—«/2). If P the pull exerted by 
the man just exceeds 2 T sin (90— 4/2) the car may be pulled up. 


P>2T sin (90 —4/2)>2 T cos 4/2 
Larger the value of x, smaller the value of P( for cos /2 there is 
small) and it can produce a tension large enough to pull the car out, 


(b) From the force diagram (90-</2)=15°, Let the tensions 
in the two segments be T, and Ta. Then resolving the tensions into 
tangential (horizontal) and normal (vertical in the fig or along 
y-direction), we must have for equilibrium according to egn. I-7,2.2 
; >T2=T, cos 15°— T, cos 15°=0 (a) 
and S7,=P-(T, sin 15°+T, sin 15°, =0 (b) 
From (a) we have Ts=T,=T,=T say and 
from (b) P=100kgf=27 sin 15° 
eee. LOU Se Oe 
2sin 15° 2x020 0°26 
= 200 kgf 
Thus the tension has been nearly doubled, x 
Alternatively, apply Lami’s theorem at the point of pull, Then 


Thai n ire adel Ela Si 
sin (90+90—4/2) sin (90+90=4/2) sina 
T T _ 100 _ 100 


Sin</2 sin «/2 sin 150° 1/2 
or T= 200 x sin «/2=200 xsin 75°=200 x 097200 kgf 


__ ‘Problem ; (i) A smooth ring weighing 50 gm is Suspended by a 
light, flexible string passing through it, The ends of the string are 


tied to two fixed points. Find the tension in the String if the ring 
hangs in equilibrium with the two parts of the string inclined at 60°, 
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( Hint: Jn this case where the ring is smooth and the string 
is flexible, the tensions in the two strings are equal, and the strings 
are equally inclined to the vertical, Ans. 50/3 gmf. each ) 

(2) A body of weight 4 Ib rests on a smooth plane inclined 
at an angle of 45° each the horizontal, Find the magnitude of the 
horizontal force which will keep the body in equilibrium, 

(Hint; The forces acting on the body are (i) its weight 4 lb 
wt vertically down, (ii) force P acting horizontally and (iii) the 
reaction R of the plane normal to the plane since the plane is smooth, 

Ans, 4 lb, wt.) 

Ex. 17.4 Show that however small a weight be hung from the mid- 
point of a string under tension, it is never horizontal. [SSQ ’79] 

Solution: Consider the, force diagram in Ex. I-7.3 reversed and 
replace P by a weight W. Then the downward force W must be 
balanced by 2T sin (90 —«/2), Put (90—«/2) equal to 0. Then 

i sin 0 = W/2T 

Since Tœ and W0, sin 0 cannot vanish and so the string will 
not remain horizontal, 

(8) Equilibrium under any number of forces : This occurs when 
all but one of the forces add up to a resultant which is equal, opposite 
and collinear to the last one—which actually the equilibrant 
This indicates that when the force polygon is drawn including all the 
forces it must be a closed one. Note that this is merely an extension 


of the triangle of forces rule, 

Analytically, the study is simplified by (i) resolving each of the 
forces into two rectangular components along x and y directions, 
(ii) adding up all the components along each of the axes and 
(iii) equating each of the sums to zero. That is what we have 


already done in equation 1-7,3.2 We may write 
S Fa= F, cos 0, HF, COS 0, +Fa cos 0,+ © FSF cos 6,=0 (a) 
(1-7,3.4) 
and SF) —F, sin 0.+F, Sin 6, Fo sit 0+ “= SF sin ,=0 (©) 


This represents the vanishing of translational acceleration which 


produces linear equilibrium, 
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1-7.4 Discussion on the Second Condition of Equilibrium + 
The mathematical expression has beea provided in eqn I-7.3.3. 
In applying the condition we consider moments of the acting coplanar 
forces F,, Fy, Fa,*Fy Fa about any arbitrary point in the same 
plane which will be 
Ly =F, Xr, La =F, XT, Lam F, X05" 
Then for rotational equilibrium we must have 


S= Li +L +s tL, HLO (17.4.1) 
= 


Principle of moments. Condition of equilibrium stated above is 
also known as the princ ple of moments and is stated as— 

When a body is in equilibrium, the sum of the anticlockwise 
‘moments about any point is equ l to the sum of the clockwise 
moments, about the same point, 

It therefore follows that when a number of parallel forces are in 
equilibrium we must have, 

(i) the sum of the forces in one direction is equal to the sum 
of the forces in the opposite direction ; 

(ii) the sum of the anticlockwise moments about any point is 
equal to the sum of the clockwise moments about the point. 

Ex 1-75. A unifo m ladder of length | and weight W rests against 

a smooth, vertical wall, being inclined at an angle @ to the wall. 
A force F applied horizontally at the ground level holds the ladder in 
position, Discuss the equlibrium of the ladder, ( Fora smooth wall, 
the reaction on the resting ladder is normal to the wall.) 


Solution : Consider both the conditions of equlibrium, The algebraic 
sum of the vertical forces must be zero, and so also of the hor.zontal 


R forces, W is a vertical downward force. 
There must be an equal upward force, This 
must be the vertical component of the reaction 
of the ground, These two forces constitute an 
anticlockwise couple of moment Wx 4/ sin 0. 


The force F and the reaction R of the wall 
are the only horizontal forces, They must be 
be equal and opposite, The moment of the 
couple they form is Fl cos g clockwise, 

For equilibrium we must haye 

g 4 WI sin 6= FI cos @ or F=4W tan 9, 
A more complicated but realistic problem follows, 
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Ex. 17.6. A120 lb paintsm.n is climbing up a 40 lb, 13 ft long 
ladder with its base 5 ft away from the. base of a vertical but smooth 
wall. What must be the friction at the base that the ladder does not slip 
when the man reaches the top ? 

Solution: The force diagram is to the right when the man is at 
the;top, The reaction force of the smooth vertical wall is as before 


Egr" e t a 
sn 


perpendicular to the wall, The wt of the ladder acts at the mid 
poiat, dowawards, The ground reaction G is along the ladder and 
broken up into horizontal and vertical components, From the 


diagram : 
horizontal component Gr = W ( the wall reaction ) 


and the vertical component G, = 40+ 180 = 220 lbf 
We take moments about the base of the ladder and find that both 
G, and Ga produce zero moment as they pass through the base 


point, Then 
Wx( J13®= 58, =40 2.5 + 1805 or W +834 lbf 


Ga- W=833 lof, Now P -tan 9 =Ga/No~85$/220 =0.38 
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Ex. 17.7. Two weights 10 g and 20 g hang vertically from the ends 
of a rigid horizontal bar of length 12 cm and negligible weight, Find 
where and how the rod must be supported so as to be in equilibrium, 

Solution ; The student is adyised to draw the diagram, Let 
P be the force producing equilibrium. Let it act at a distance x from 
the 10g weight, 

Since >F,=0 we must have 10+204+P=0 or P=—30g. 
The negative sign means that Pacts in a sense opposite to that of 
the weights. 

Taking moments about the end of the bar where the 10g weight 
hangs, we have, since ST=0 10x0—30x+20x12=0 or x=8. 

Pacts at a distance x =8 cm from the 10g end of the bar, 

Ex. I-7.8. Two persons carry a load of 100 kg suspended from a 
rigid bar of length 5 mand of neglible weight, at a distance of 3 m 
from one end. Calculate the thrust on each, See the diagram wiih 
Ex, I-7 12. 

Solution: Let F, be the thrust at the end of the bar more 
remote from the load and F, that at the nearer end, Then the 
resultant of F, and F, is the 100 kg force, The equilibrant of F, 
and F, is equal and opposite to the load, 

~. From >F=0, we have F,+F,—100=0 or F,+F,=100. 

Further, taking moments about the point of application of 
the load we have F,x3-F,X2+100x0=0 or 3F,=2F, 

Solving for F, and F, we have F, =40 kg and F, =60 kg, 

Ex 17.9 A rod 10 ft long and of negligible weight is supported 
by two strings each 1 ft from the end, It carries loads of 5, 10, 15 and 
20 Ib at distances 0, 2, 4 
and 6 ft respectively from 
one end. Calculate the 
tensions in the strings. 

Solution : Let F, and 
F, be the tensions as 
shown in the fig 

The loads and the 
tensions form a system in 
equilibrium, 
>F=0. or 


F, +F,=5+10+15420=50 Ib, 
Taking moments about the left end, 


ST=0 or F,+9F,—(5x0+10x24+15x44+29 a 
OF F,+9F,=200" peoo 


Solving for F, and F, we get F, = 125/4 Ib, and F, =75/4 Ib. 
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Ex. 17.10. Two uniform beams AB and CD each of length L and 
mass M are hinged smoothly together at Band a light inextensible 


string (J2 1)L in length is tied 
between their mid-points D and F. 
Beams stand in a vertical plane, A 
and C resting on a smoth 
horizontal plne, Find the tension 
in the string. [LL T.’71] 

Solution ; Refer to the figure 
and identify the active forces. 
The beam weights act vertically 
through their mid-points, Ground 
Teactions R, and R, act at 
meeting points on the plane and 
reactions R, at the hinges horizontally. Finally tensions 7,7 act 
horizontally, 

The system being in equilibrium 2R, = 2Mg and 2R, =2T 

Taking moments about say D, we have 

R,xBM=R, xCQ 
or R,xBF sin 45°= R, x CF cos 45° for Z FBD=90° 
R,=R, and hence T= Mg (the weight of any one beam) 


Ex 1-711. Auniform bar of negligible weight (AB) is suspended 
by two strings from P and Q. It carries masses of 10 and 5 kg 


Tsing Tesin45° 


D 
eem- dem =- eje gomet 


10kg 5kg 


suspended as shown at points C and D. The strings from P and Q 
make respectively 45° and 0° with the horizontal, Find 6, and, the 
tensions in the string when the bar is in equilibrium, [ LLT. °77,] 

Solution : Refer to the fig, above Let T, and T, be the required 
tensions, Resolving them parallel to AB and also perpendicular 
thereto, we take moments about A to get 


17 
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Ta sin 45° x (441046) cm=10 kgfx 6 cm+5 kgf x(6 +10) cm 
or (T, /2)x 20 cm= 10 kgf x (648) cm 
or T,=7 J3 kgf 
Similarly taking moments about B, 
T, sin 0x(6+10+4)cm=5 kgfx4 cm+10 kgf (4 +10) cm 


sie Fi sin 0=8 kgf "e (i) 
The rod being in eqilibrium the horizontal components cancel out, ” 
©, T, cos0=T, cos 45°=7 J/2x1/ Ja=Tkef . (ii) 


Dividing (i) by (ii) tan ọ= 8/7 or ọœ49° 

1-74. A special application of the conditions of equilibrium $ 
Resultant of parallel forces, When the forces to be added are 
parallel, the parallelogram law of addition cannot be directly applied, 
We use the general conditions of equilibrium 
to get the resultant, A force equal and 
opposite to the resultant of two forces is 
l the equilibrant which the with given forces 
1B form a system in equilibrium, 


A. Two like parallel forces. In Fig. 1-72 
let the.forces F, and F, act along the parallel 
lines KL and MN in the same sense, Let 

eae the line AB, perpendicular both to KL and 

MN, intersect them at 4 and B respectively. 

{ Suppose these two forces along witha third force F, acting at O 
(keep a body in equilibrium, Then F, is the equilibrant of Fi 
‘and F,, and is equal and opposite to their resultant R, 


=--> 
on 


> 


Since the forces F,, F, and F, are in equilibrium, the sum of 
their components along AB must be equal to zero, F, and F, have 
no component in this direction, Therefore F, also will have no 
component along 4B and will be perpendicular to AB. Further, 
since the algebraic sum of the components perpendicular to AB is 
zero, we shall have 

Fi+F,=F, (17.4.1) 

Applying the second condition of equillbrium and taking moments 

about O, we have 
F, x OA-F, XOB+F, x0=0 or F, xOA4=F, x OB 
or OA/OB=F,/F, (1-7.4.2) 
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Thus the point O divides the line AB internally in the inverse ratio 
of the forces, 

The resultant Rof the forces F, and F, is equal and opposite 
to Fy. Hence its magnitude is R=F,+F,. It acts through O 
ces, where O is a point dividing the distance 


parallel to. the for 
between F, and Fs internally into two parts inversely proportional 


to the forces. 

Ex1-712 A man and a boy are to carry a 50 kg load slung 
somewhere on a uniform 4kg pole, 2m long. Where must the load be 
supported so that the man carries twice as much as the boy ? 

Solution: Let the boy carry the end A and the man, end B of 
the pole and ‘they carry loads Wand 2W kg respectively. As the 


' 1 
12W 
i 


pole weighs 4 kg the total weight carried by the pair is (50+5 or) 
54 kg. Hence the boy is to support 18 kg and the man 36 kg. 


Let the required point of suspension be x m from the boy, Then 
taking moments about the boy’s shoulder at A (misplaced in the 


fig, we have 

18x0+4x AO +50 x OP —36 x AB=0 

Now AO=1m, OP=xm and AB=2m, So we have from above 

4%1+50x= 36 x2 
x=\68/50)m=1 34m, 

Ex. £7.13. P and Q are two parallel forces. If P is displaced 
through x parallel to itself then show that the resultant displaces itself 
through Px|(P+Q) [ J. E. E. 80] 
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Solution: (1) Let P act at A, Q at B and their resultant P+Q 


through E. Then P/Q=BE/AE. 
Now adding 1 to each side of the 
equation 


ORBA BA 
or EA=AB,Q/(P+Q) (a) 
(2) P now is shifted through 
x, say to C, so that the resultant 


shifts to F, Then 

P+Q BC _AB-x 

P/Q=BF/CF and O CFT AF 
Cross multiplying and re-arranging we have 


(P+Q)AF-Px=Q.AB 


_QAB+P.x b 
AF “PFa (b) 

+, AF-AB=QAB+P.x_Q.AB_ P.x 
ʻ. AF-AE= PrO Ps" PO () 


The result (c) is the required displacement. 


B. Two unlike parallel forces. When the parallel iforces F, and 
F, act in opposite senses (fig. I-7,3) an application of the above 
method shows that the resultant R 

(a) has a magnitude equal to the K! M 
‘difference of the forces, 

(b) acts in the same sense as that of 
the larger force and 

(c) the line of action of the resultant 
divides the distance between F, and F; 
externally in the inverse ratio of the 
respective forces, R lying nearer to the Fig. 1-7.3 
larger force, 


' 
R=F-F, |F, j 
t 
Li 


C. Any number of parallel forces. The same Principle may be 
applied to find the resultant of any number of parallel forces, .The 
` System of forces along with its equilibrant keeps a body in equilibrium. 
Therefore, the given forces along with their equilibrant satisfy the 
conditions 3F= 0 (vector sum of forces equals zero) and 
=T=0 (anticlockwise torques equal clockwise torques) 
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From these the magnitude, direction and line of action of the 
equilibrant may be found out, The resultant is equal and opposite 
to the equilibrant, For coplanar forces its point of action can be 
found out as follows :— 

Let the perpendicular distances of lines of action of such forces 
Fy, Fa Fẹ vete from any arbitrary coplanar point A be xı, 
Xa, Xe, “etc whereas that of their resultant R be g, Then 
the sum of their moments about A will be 

Fix, +FaXa +FgXg +~ ete and Re, For equilibrium 
RE=F yx, Faxa +F3¥3 be TED 
Fix HFX tFgXgt ZFx 
ee ae a ‘es =a (I-74) 

Ex. L744. A bar 6 m. long and weighing 20 kg is supported at 
two knife edges, one (A) at its one end, the other (B) at a distance of 
2m from the other end, If a 10 kg wt is now suspended Im from - 
A find the reactions on the two knife-edges 

Solution: Refer to the figure Let the required reactions at 


or 


A and B be R, and Ry. ` 6 
Since the rod is in equili- 
brium, the algebraic sum of 4 D 
forces vanish, 10kg 

SF=R, +R, 20kg 


—10 kgf - 20 kgf=0 
or R, +R, = 30 kgf 
Taking momenis about A we ge 
mid-point G 
Ri %0-4+R, x AB—10x AC-2°x AG=0 
or R,xX0+R, x4-10x1-20x3=0 
4R,=70 or R,=17} kgf 
R, =30—174 = 124 kgf 
Ex. 1-715. A 50 kg beam 10 m long rests on two props at equal 
distances from the respective ends, Find their maximum seperation i 
an 80 kg man may stand anywhere on the beam without overturning it. 


Solution: Let the distance of the props from respective ends be 
xm each, Its weight will act at its C.G the middle point, the rod 


being uniform, 
Now whereever the man stands between a prop and its nearer end 


the moment of his weight will be in opposition to the moment of the 
weight of the beam. Obviously if the beam remains unturned with 


t, as the wt of the bar acts at its 
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the man at its one end, then it will also remain jso, wherever else he 
stands, Let him be at one end, distant x from the near prop, Then 
x will be maximum when 

80 kgfx x m=40 kgfx(5—x) or 2x=5-x oF x= fm 
+. Maximum separation between the props= 10-2x $= 63m. 


1-75. Common Balance : This device well-known to you is 
essentially a lever of the first class with two equal arms and works on 
the principle of balancing equal moments about a central knife-edge, 
produced by the weights of two scale pans and the bodies they carry. 

It consists fig, 1-7,4.) of a symmetrical rigid beam carrying three 
knife edges as shown. The beam can tura freely about C as fulcrum. 


Fig. 1-7.4 


The fulcrum is central and has the form ofa steel knife edge (C) > 
turned downwards and rests on an agate plate, Scale pans (P,, P,) 
are suspended from the upturned knife edges A and B at the ends 
of the beam, Near the fulcrum a long light pointer is attached to 
the beam at right angles to its length. It moves over a horizontal 
scale Æ. Two screws, (a, b) one at eachend are provided with 
the beam. When the pansare empty the balance beam can be made 
horizontal with the help of these screws, The balance beam with the 
atwo scale pans rests on a support, when it cannot move, But when 
it is released from the support by means of a lever (L) it becomes 
free and oscillates. These oscillations are practically simple 
harmonic, though they are damped by resistance of air and other 


f 
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causes, The whole arrangement is enclosed in a glass case for 
protection against airdraughts and temperature variations, The 
balance case is supported on three levelling screws. A plumb line P 
is suspended from the stand on which the balance beam rests, When 
this stands vertice], the beam itself is horizontal, 

Working Principle : Let AB (fig 1-7.5) represent the balance 
beam and C its point of support, Let the two arms CA and CB be 
of lengths a and b and the weights of the! scale pan Sand iS% Let 
weights W and Ww“ be placed on the pans. Then the downward force 
(W+S), will produce an equal and upward force R at C, the two 
R and (W+S) combining into an anticlockwise couple, Similarly 
the weight ( S+ W°) generates another equal and upward reaction R 
also at C, this couple being clockwise, For equilibrium the beam AB 
would be horizontal when the resultant couple vanishes. Taking 
moments about C we than have 


(W+S)a-( W +s b= 0 (1-7.5.1) 
In a common balance by design a =b and S= S Then 
Wi=mg)= W i= mg) or m= mi” (I-7.5.2) 


Thus when the beam is horizontal with weights on the scale pans 
the masses are equal. When one of them is a standard mass, the 
value of the other is equal to it. 
This is why masses are said to 
be compared by a common 0r 
beam balance. 

Requisites of a Good balance 
are that should be (i) true (ii) 
sensitive and (iii) stable. 

It is said to be true when equal masses placed on the scale pans 
keep the balance beam horizontal, We have just seen that (a) balance 
arms should be equal in length and (b) the scale pans equal in 
weight, to achieve that, 

It is said to be sensitive when a small difference in weights placed 
on the scale pans tilts the pointer on the scale appreciably, To 
achieve sensitivity (a) the beam should be light (b) its balance arms 
long and (c) C.G. of the beam close to the fulcrum, The time of 
swing then would be long. 


Fig. 175 
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The balance is said to be stable when the beam returns to the 
horizontal position (i, e. the pointer to the zero-mark ) quickly, 
To achieve that, the C, G. of the beam should be considerably below 
the fulcrum, Note that this requirement goes against that for 
sensitivity, : 

In weighing a body accurately, a correction for buoyancy of air 
(Eqn, I1-5.4.1) is necessary, 

Weighing by an Untrue Balance: As can be readily understood 
such a balance may have either (i) unequal arms or (ii) unequal 
scale pans. In either case Gauss’s method of double weighing is to be 
used to find the true mass of a body, 

(i) Let the unequal arm-lengths be a and b and the weight of 
the body W, It is placed successively on the two scale pans and 
counter-poised in both cases where the weights are W, and Wa. 
Then 

Wa =W,b and W,a= Wb and Wab = W, W,ab 


© W= JVW, (17.5.3) 
EITE ELA SLES 
an W, or B 

or ab= JW IW, (17.5.4) 


Problem: A balance isa rigid rod free to rotate about a point 
not at its center, It is balanced by unequal weights placed in the 
pans at each end of the rod. A mass m is balanced by a mass m, on 
the right hand pan and by m, placed on the left hand pan, Show 
that m= Jmm, [ Pat U. J 

A dishonest trader using a balance with unequal arms will defraud 
himself if he is made to weigh half the required quantity on one pan 
and the other half on the other pan, It comes about this way: let 
two masses weighing W, and W, appear to weigh the same (W) in the 
two pans respectively, Then the customer gets a weight of W, +W, 
in place of 2W. i 


(W,+W,)~2W= WS + WÈ ow ; 
= weird? —2ab a—b)* 
Wee ab weed). 


Now the beams being unequal in length, (a— 6)? is always a +ve 
Quantity and so the tradesman always loses by this amount 
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Ex. 7.1.6, A tradesman sells his articles with equal quantities 
weighed alternatively from the wo pans of a balance with unequal arms 
in the ratio of 1,025. Find by how much he cheats himself. { Pat. U. ] 


, a W, : r 
Solution: Here a 1,025= ail a W, and W, being the weights 
of apparently equal masses (W) and v, b the Jengths of balance arms, 
Also W, + Ws is the weight he gives out in place of 2W. 
Lng E bis 
w, +, -20W wend - wlt? -2) 


Es {1.025 -105 EN )= 0.0006 W 


So he cheats himself by puris Wy 100 = 0°03% 


(ii) If the balance arms are equal in length but the scale pans are 
of different masses then from 1-7.5,1 a and b being equal, 

Wim Ws =}(S;- S,) and W= HW, + W,) 

Problem: (1) A body is weighed in a balance where scale pans 
weigh differently. It weighs 10,20g in one and 10,42g in the other. 
Find the correct weight and difference in weight of the two pans, 

(Ans, 10,318, 0.118) { Camb | 

(2) Show that when a body weighs W, and W, in the two pans 
of unequal weights ina balance of equal arms then the difference in 
the weights of the pan is W,- Wa) [ Raj U. ] 

176. Centre of gravity. Any body whatsover may be considered 
to be made up ofa large number of particles, each of finite mass, 
Each particle is attracted towards the y 
centre of the earth by the force of 
gravity which is proportional to the 
mass of the particle. Owing to the 
large radius of the earth the forces of 
gravity on the particles may be taken 
to be parallel, The weight of a body 
thus consists of a system of parallel 
forces (fig. 1-7.6) acting upon the 
individual particles which make up 
the body, The resultant of this system of parallel forces always 
passes through a point, fixed relative to the body, whatever be th 


Fig. 1-7.6 
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orientation of the body, This point is called. its centre of gravity 
(abbreviated c.g.) of the body, The weight of a body, although 
actually a system of parallel forces acting upon all parts of the body, 
can be correctly represented by a sing'e force acting downward at the 
centre of gravity, 


Definition. The point, fixed with respect to a given body, through 
which the resultant force of gravity on it acts, no matter how the 
body is oriented, is called the centre of gravity of the body. 


It follows from the definition of the c.g, that when a body is 
Supported at its centre of gravity, it will have no tendency to turn under 
the action of gravity alone, The position of the centre of gravity is 
independent of the orientation of the body, 

Centre of gravity of bodies of simple shapes can often be located 
by inspection, Forathin uniform rod the cg, is at the centre of 
the rod, The turning mornent about the centre due to the weight of 
any particle is balanced by that of a particle similarly placed-on the 
other side of the centre (See fig. 1-7,10), Hence the total turning 
moment of the rod about its centre is zero, The centre of the rod is 
therefore its centre of gravity, 

The centre of gravity of some uniform, homogeneous bodies having 
simple geometrical shapes are given below : 


SS 
Body Position of centre of gravity 


Circular lamina Centre of circle, 

Annular disc Centre of the annulus, 

Triangular lamina Point of intersection of the medians. 
Rectangular lamina Point of intersection of the diagonals, 


Sphere ‘ Geometrical centre. 
Spherical shell Geometrical centre, 
Cylinder Midpoint of the axis, 
Cone 


On the axis at a distance=! xheight above 
the base. 
=. yoy 


A. Experimental determination of centre of gravity. 

(i) When a body is suspended by acord SP froma point P on 
the body (fig. I-7.7a), it will come to equilibrium when the 
tension T in the cord is equal and opposite to the weight W of 
the body. The line of the ~string, therefore, passes through the 
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C.G. of the body. Bya plumb line this direction PQ may be 
marked on the body, The body is then ` 
suspended from any other point P^ on 
it (Fig. 1-7.7b) and the same procedure 
followed. Since PQ and PQ’ pass 
through the centre of gravity, their 
point of intersection C gives the position 
of the c.g. 

(ii) The above fact suggests that the (a) 
centre of gravity may be found by w 44 w 
balancing the body on a knife-edge, and Date 
finding the inter-section of two lines 
on the body along which it will balance. 

Further facts about centre of gravily- The centre of gravity of a 
body does not necessarily lie on or within the body. An annular ring. 
provides a simple example of the centre of gravity lying outside the 
body, When a sitting stool is suspended from different points in the 
manner described above, its centre of gravity will be found to lie 
within the space between the legs. 

A set of bricks placed as shown on a horizontal plane will stand or 

fall according as the vertical line through | 


Fig. 1-7.7 


C4 

BZ the centre of gravity meets the plane 

emaa within, or outside, the base. In the 
i latter case the reaction of the table 


cannot pass through the centre of gravity 
Fig. 1-7.8 (Gig. 1-7.8) and constitutes along with. 
the weight a couple tending to overturn the body. 

B. Analytical method of 
determining the centre of 
gravity. Let a system of 
particles lying in a plane 
have masses m,, Ma My and 
respective weights W,, We ‘Wn 
(fig. 1-7.9). Let OX and OY 
be two fixed straight lines in 
the plane at right angles to each Fig. 1-7.9 
other, Let the distances of the particles from OX be Yis Vana 
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and from OY, x,, x,,++-x,. Then the distance of the centre of gravity 
C from OX is 


— Wi), +Woe +... Wan _ IWY 1-7.6.1 
ue WytWwyt+...Wn Ww (76.1) 
and its distance from OY is 
ga XHW., +.. Warn Wx (1-7.6.2) 


Wi +Xe+...W, W 


The proof is quite simple, The given weights and their equilibrant 
acting at the centre of gravity from a system of forces in equilibrium, 
The magnitude of the equilibrant is the sum of the weights, i.e., 
W, +Wa+...Wn With the equilibrant acting, the system of particles 
will be in equilibrium in any position. Hence the sum of the moments 
of all the forces about any line OX or OY will vanish, Taking 
moments about the line CY when it is vertical, 

(wi Wa + Wn) Y= WY, HWY a.. Wa ns 
Similarly, taking moments about OY when it is vertical, 
(wi +Wot...W,)B-w x, +WexXy+...Wy Xn. 

Now, w=mg and W= Mg, where w stands for the weight of any 
particle, m for its mass, W for the total weight of the particles and 
M for the total mass, As g is the same for all particles, g cancels out 
and above equations become 


z= žr and pn Z, (I-7.6.3) 
In three dimensions coordinates (x, y, 2) of the centre of gravity of 
a body (or a system of particles) are given by the relations 
=2mx ~_Smy -_ smz 


MINM O M (I-7.6.4) 


Here M is the total mass, m the mass of a constituent particle and 
x, y, z its position coordinates, the Summation extending over all the 
Particles. For a homogeneous body (i.e. one of constant density 
throughout), the summation may be replaced by integrals, If dm is 
the mass of an elementary yolume of the body and 5, 5, 7 its 
<oordinates, then 


t= Sxdm etc, 
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C. Properties and Significance of the Center of Gravity :— 

(1) C.G. of a body is unique. A body can have only one C.G. 
which can be proved indirectly, The resultant weight of a body acts 
through its C.G. Were two C.G.’s possible for a body then its 
weight W would act along the line joining them whatever be the 
angular position of the body. But that is impossible, for W always 
acts vertically downwards, So no body can have move than 
one C,G, 

(2) A body is in equilibrium when supported at its C.G. As the 
weight of a body acts through 
its C.G., a body supported at 
that point has its we'ght and 
the reaction of the support 
equal and opposite and colli- 


P 


. . . www w w, wwwww 
near ; hence it will neither 
move nor rotate, Thus it will w 
be in equilibrium, Hence C.G, Fig. I-7.10 


is also called the balancing point. Supported at its C.G., a body of 
regular geometrical shape as listed in the foregoing table will remain 
horizontal ; this is the principle of equality of masses by a common 
balance, j 

C.G. of a regular body can then be experimentally located 
by finding the point of support for which it remains horizontal 
(fig, I-7.10) 

(3) A body freely suspended at a point has that point collinear 
with its C.G. This is the property we have already utilised in 
locating the C.G. of a lamina, 

(4) C.G. of a body may lie outside it as we have already seen as 
for an annular disc or a spherical shell, 

(5) Itis the C.G. of a projectile that describes a parabola when 
it is an extended body. The other points of the body may execute 
any other type of motion e.g. twisting and turning, Refer to 
fig, 1-6.10 (b), the case of a plunging diver doing exactly that, but 
his C,G, describes a parabola, 

(6) Mass of an extended body may be taken to be concentrated 
as a particle at its C. G. without altering the system of forces on 
the body. 
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(7) The nature of equilibrium of a body depends solely on the 
position of its C, G, and that of the line of the line of action of its 
weight in relation to its base as we shall presently see, 


‘Note that the center of gravity of a body is an effect of the 

gravity-field of the earth and hs no meaning in gravity-free spice. 

‘There the role of C.G. is taken up by another, the center of mass, 
we discuss in ṣI-7.10. 

Ex, 1-7.17. Three particles of masses lg, 4g and 5g are placed 
at the vertices of an equilateral triangle of side 10 cm, Find the 
distance of the C. G. of the system from the 1g particle. [I. I. T. °70) 

Solution : Let the vertices of the triangle be A (1g) B (4g) and C 

(Sg). Let the arm AB be the x-axis 


yi of a co-ordinate system with A as the 
i origin (0, 0); B then would be at 
H €(5,5V3) (10, 0) and C at 5, 5 J3. Let x, y be 
1 59 the co-ordinates of the C.G. Then 
1 from eqn J-7,¢1 
' p= Wa%st Wor, HWaXa 
f Wi EW +W 
i —1x0+4x10+5x5 

14445 = 6,5 cm, 


and e 


=45 J3 = 4.32 cm, 
Co-ordinates of the C, G. of the system are 6,50 and 5.32 cm. 
v’. Its distance from A (0, 0) is 
JEEG 0- JC50 FA -1.81 om, 


Problem: Three particles of masses 1g, 2g and 4g are placed at 

A (1, 2, 3) B (0, 0, 0) and C (2, 4, 6) in three dimensions find the 
co-ordinates of its C.G. 

[ Hint: Use eqn 1-7.6.4] (Ans. $, 48, 97) 


Ex. 1-7.18 A uniform circular lamina of radius R has a hole 
punched out of it such that their two centers are at a separation of 
doem. Find the C. G. of the perforated lamina. 


Solution: The C. G. of the lamina as a whole, is at its center C,. 
Let the C, G, of the material of the punched circular hole be at C, 
and that of the remaining portion be at Cẹ. Clearly C, will lie on a 
line through C, and C,, Let the punched out material weigh W,g 
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A 
and the remainder of the lamina weigh W,. Then taking moments 
about C, we have 

W, XC,Ca= WC, C3 
or C,C, =C,C,.W,/Ws 

Ifo be the mass of the material for unit 
area then 

W, =x(R? —r*)o and W, =r? e-+ 

*. C, C =[r KR" r°)]XC,Cs © © 
_ Problem: A uniform circular plate of 
diameter 56 cm has a circular portion of 
diametec 28 cm removed form one of its 
edges, Find the C. G. of its remaining portion, [1LT. ’80 ] 

Ex 17,19. A uniform square plate of side 24 cm has one corner 
of it removed along the line joining the mid-points of its adjacent ` 
sides, Find the C. G. of the remaining portion, 

Solution: Let ABCD represent the square plate of which the 
portion EBF has been removed, Let the 
C. Gs of the original plate, the removed 
portion and the remainder be at G,, G, and 
G, respectively, Let G,G, be r which we 
are to find, The mass of unit area is constant, 
the plate being uniform, 

G, by symmetry lies at the intersection of 
the two diagonals AC and BD, If BM 
represents a median of ABEF we know that 
BG,=% BM. To locate the position of Gg 
we proceed as follows ; the weight of the plate asa whole acts 
downwards through G, and that of the removed portion be imag'ned to 
act upwards through G, ; their resultant acting through some point 
on G,G, produced must give the weight of the remainder of the 
plate, Thus C, G, shifts to G, along MD towards D., 

From the figure BG, =12 JZ cm and G,M = 4BG, =6 J3 om 

Again MG, =4 BM=$G,M=2 J3 cm 

s. G,G,=G,M+MG,=16 J3+2 J3=8 J3 cm 

Area of ABCD) =(24,*=576 cm?, 

Area of BEF=4EF.BM=}.12 J3.6 /9=72 cm? 

Taking moments about G, we have 

+ (24x 24)r =18 Ji+r).72 

where L.HS is proportional to the clockwise moment of the 

weight of ABCD acting through G, and the R, H. S. proportional to 
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the anticlockwise moment about G, of the force acting upwards 
through G,. 


2 if cm, 

Problem: A table hasa circular table 
top of mass 20 kg and radius 1m. 
Four light 1m long legs are fixed at 
A, B, C, D. Find (i) the max load that 
may be put and (ii) the area of the top. 
over which it may be put with<ut toppling 
the table ? 

(Ans; 48:3 kg ; 2m2), 

1-7.8 A. Stable, unstable and neutral equilibrium. The 
behaviour of a body when slightly displaced from its position of rest; 
depends upon the position of its c.g. 

A body is said to be in stable equilibrium if, when slightly 


displaced, it tends to fall back to its original position, Equilibrium 


R 


Fig. 1-711 


is stable when the displacement raises the c.g. A cone standing on 

its base (fig. I-7.16a), a cube resting on a face (fig. I-7.11 I) a weight 

suspended by a string, a ball lying in a spherical cup (fig. I-7,12a), a 

chair or table standing on its legs etc. are examples of stable 
equilibrium, 

A body is said to be in unstable equilibrium if, when slightly 

displaced, it tends towards further displacement. Equilibrium is 

unstable when the displace- 

ment lowers the c.g. A chair 

balanced on two legs, a cube 

balanced on an edge, a cone 

() Fig 1712 (b) bzlanced on its vertex (fig. 

(1-7.1 1 IM), an egg balanced with its long axis vertical, a ball on the 
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top of a sphere (fig, I-7.12b) etc., are, examples of unstable 
equilibrium, : 

A body is said to be in neutral equilibrium if, when slightly 
displaced, it remains in its new position, Equilibrium is neutral when 
the displacement neither raises nor lowers the c.g, A sphere resting 
on a horizontal surface (fig. I-7,11 I) a pencil, a cylinder or a cone 
resting on their respective sides etc., are examples, 


B. Statical Equilibrium and Potential Energy, Stability is 
intimately connected with the gravitational potential energy, Bodies 
tend to aquire the lowest possible potential energy when left to itself, 
Refer to fig, I-7,16, When the cone is tilted on its base, its C.G, 
rises and hence aquires additional potential energy. Left to itself it 
wi'l tend to minimise that and hence stable equilibrium is assosciated 
with minimum potential energy. When the cone stands on its vertex 
(fig. I-7,11 II) the C.G. is at its maximum height from the base, 
it is top-heavy and hence has maximum P.E, When tilted, its 
C.G, is lowered and as it tends to lower itself further, the cone 
overturns and falls on its side. When a body has its C.G. at the 
highest possible position it is unstuble for it has then maximum P.E, 
A neutral equilibrium occurs (as for the 
sphere) when on a little tilting the C,G, is 
neither lowered nor raised and so PE. 
remains unchanged, We return to this 
matter in s1-8 9, 

Further examples: (1) It is very 
difficult to balance a walking stick 
on your finger (fig, I-7,13) because it is 
top heavy. When vertical its weight acts 
through its C.G, on your finger and is 
neutralised by the re-action of your finger, Fig. 1-7.13 
If your finger gets even slightly disturbed 
the two forces no longer remain collinear and form a couple tending 
to topple the stick over, It exemplifies unstable equilibrium, 

(2) The music-doll for kids shown in fig, 1-7,14 is on the other 
hand an example of stable equilibrium, Children fied it very amusing 
that whenever the doll is laid on its side and let go, it will rise up 

18 
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immediately and after a few oscillations tinkling all the time, become 
vertical, 


Fig. I-7.14 

The mechanism is very simple, The lower part of the doll is 
filléd with lead or any other heavy material so as to lower its C,G, as 
far as possible, Also it is given such a shape with its upper part 
very light, that when the doll is laid on its side, the C.G. gets, raised. 
So, as soon as it is let go, the C.G, goes down and the doll sits up. 

(3) To achieve stable equilibrium, floating bodies like common or 
Nicholson's hydrometers or floating test-tubes (for Dela Rive’s, floats 
ing battery) are loaded with lead or mercury at the bottom.; so also 
ere boats, ships and ocean liners, with cargo-holds-at bottom, 


1-79- Toppling of abody A body will topple unless the” vertical 
line through its c.g. passes through the base on which it is supported) 
Try piling up bricks one above the 
other fig, I-7,8), but slightly displaced 
to one side, Soon the pile will topple. 
This occurs when the vertical’ line 
through the c.g. of the pile’ moves 
outside the base offered by the lowest!» 
brick. Place a) cylinder with °its’ axis 
vertical on a table, and gradually tilt 
the»table. The cylinder will topple as 
soon as the yertical|line through) its) ¢,g, j 
moyes out of the base:(fig. I-7.15). Uh ae 


They stability of a body.(depends on. howcfar it may: be tilted: 
ing. . Greater stability jis obtained by keeping the og low’ 


M 
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and milking the base large. This is an important’ point “to seine 
in the! design’ of structures,’ 

Extra! passengérs are not allowed ‘onthe upper deck’ of atot 
decker buses, If they are allowed, the c.g, will rise, and the risk of ” 
the bus: toppling,,over, increases, Racing cars, are: built. with low 
chassis for the same reason, fil 

Limit. of stability: As you. have seen above, the law of stability F 
states that a body acquires .a stable equilibrium àf the vertical: Jine 
through its C.G, falls within the base offered by the body. 

We discuss the matter: witb: acone, In fig, I-7.16 (a) the cone , 
is tilted slightly, Its weight W and reaction by the table R no longer 
act along the same line and forms a restoring anticlockwise couple, 
the equilibrium’ being stable, As tilt increases’ the line of action of W 
jagerne 
i 
| 


N 


I 
1 
f UPSETS 
j 
| 


(8) ATE i ul (c) 

guy Fig. 1-7. 16 
shifts till in. the (b) R and W are collinear, equal and opposite, This 
is the condition of limiting equilibrium, Further tilt takes the line 
of action of W beyond the base and with R it forms a toppling clock- 
wise couple and the cone is upset. 

Base size and Stability: You must then realise that broader the 
base of a body greater is its limit of stability. Hence the broader base 
of modern’! double-decker buses, Stability of a four-wheeler even a 
three wheeler is therefore greater'than a bicytle. With a heavy load 
on your head it is better to plant'your feet apart, You tilt to the left 
when carrying a load with your right hand ; for with the load thé 
combined-C.G; of the load and yourself has” shifted and you must’ 
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ensure that the vertical through this shifted C.G passes through the 
ground in between your feet, If you carry equal heavy loads from 
your two hands the C.G lowers but does not shift and you can walk 
erect, 


Quadrupeds standing on four legs cover a larger base than bipeds 
like a man and hence enjoy greater stability ; so it is easier to topple 
a man than, say a cow. A human child crawls on all fours; a 
toddler just learning to walk prefers crawling to walking, for he has 
more stability on all fours, A human has to learn to walk, to develop 
reflexes to keep stable whereas a quadruped can walk very soon after 
birth for its limit of stability is more. 


Ex 17,20, A solid cone of radius r and height h and semiyertical 
angle « stands on a rough incline. 
Find the maximum angle of inclina- 
tion for stability. 

Solution: The limit of stability 
is achieved when the vertical through 
the C. G, of the cone passes through 
an end point of the base, Refer to 
the adjecant fig. drawn when @ is the 
angle of minimum inclination. 


Now tan ¢=r/h 
and tan @=tan / OGB=OB/OG 
For a solid cone OG=th @ 5 
tan 0=4r/h =4 tan « 
Problem : What is the maximum. 


height ofa uniform solid cylinder ABCD that can stand on a rough 
incline of 30° without toppling over ? The base is 8 cm in dia, 


( Ans. 8/3 cm) 

1710.4. Centre of mass. ‘The term centre of gravity will have 
no significance in free Space, i.e,, in a gravity-free space, But centre 
of mass has a significance under all circumstances. 

If a body is thrown spinning into the air it will rotate smoothly 
about its centre of gravity, Out in free space it will spin about; 
the center of mass. The two points coincide -when g is the games 
all over the body, Physically, we may. say that the centre. of 
mass of a rigid body is the point such that if the: line of 
application of a force passes through this point, it will prodcue 
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only translational motion of the body, but cause no rotation.» The 
existence of such a point 


may be easily tested, Place a 
book on a smooth horizontal 
table and apply a push with 
a pencil point ( fig, -1-7.17 ). 
In general it will move and 


rotate at the same time, pew 
But when the line of action 
passes through the geometer = 
cal midpoint C of the 


‘body, it will move without 


e Na roemen 


E Fig, I-7.17 
rotation, 
It is easy to understand how a rigid body may both move and 
P, turn when a force is applied to it, Fig I-7.18 
F shows a,body to. which a force F is applied, 
Mis its centre of mass. Consider two equal 
and opposite forces P, and P,, each equal to 
F, to be applied atM, These two. forces do 
not affect the motion of the body in any way ; 
the three forces are equal to the single force F, 
P F and P, form a couple which causes the 
Fig. I-7,18 body to rotate about an axis through M, while 


P, acting at the C.M. causes linear motion, The linear acceleration 
in the direction of F will be P,/m=F/m where m is the mass of 
the body. 

Motion of CM. In all problems of trsanslational motion of a rigid 
body, its entire mass may be taken to be concentrated at its center of 
mass i,e, motion of a body is the motion of its C.M. In fig, I-6.10 
(b) we have already seen that when a diver jumps from a spring 


“This statement may serve as the definition of centre of mass for a beginner. 
A rigorous definition is given on different lines as follows; the centre of mass 
of a body ora system of particles is that point with respect to wich the vect:r 
sum of the mass moments vanishes, (If r¿ is the vector distance of the i th 
particle of mass m; from the centre of mass, then ym; r;=0 the summation 
extending over all the particles. m,r; is the vector mass moment of the 
particle.) 
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board, regardless of how he twists and turns his center of mass. 
describes a parabola, In fig, 1-7.19 is shown a small club thrown 
spinning about a horizontal. 
axis through its C.M. from. 
one performer to another, 
projectile-fashion ; it des- 
cribes a parabola as a 
particle similarly thrown, 
would. In both the cases 
itis really the C,G, that 
describes the parabola 
but in the field of gravity 

Fig. 1-7.19 the C.G. coincides with. 
the C.M. This is however not always the case, 


Internal forces acting on a system of particles or inside a body 
can change neither the velocity nor the total momentum of the 
system or the body because 
of Newton’s third law, Hence 
it is that, if a shell in flight é A 
suddenly explodes in mid-air, 
the fragments may fly off in 
different directions’ but its 
CM. will continue to move 
on as if nothing has happened, 


The gun-shell might have iin 
been moving along a parabola tN 
or a straight line (fig. 1-7 20). Fig. 1-7,20 


Importance of the concept. The idea of C.M, is more fundamental 
than that of C.G. For just as weight has no meaning in gravity-free 
space but mass has, similarly far out in space, say a space-probe 

like the Pioneer or the Voyager, has no.C.G, but still has a CM. 


l For astronomical bodies the center of mass is then the only 
meaningful concept. It greatly simplifies problems. The motion 
of a star or a galaxy, so immeasurably vast, may be treated as 
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though it were a particle with the entive mass at its G.M,\On or 
outside the earth, its concept is more universal than “that ‘of’ eG, ; 
e.g. whenever we apply Newton’s law F=ma, we really talk about 
the acceleration of the C.M, ófa body. 


B Difference between Centre of Gravity and Centre of Mass 


KCC C, M. 

1, Tt is the’ point through 1,’ It is such a point in th: 
which the resultant force’ of body thatif a force acts throug» 
gravity passes, whatever the this point, it causes only transla- 
position of the’ body. tion but no rotation of the body. 

2. If g does not vary over the body, the two points are | 
the same, 

3, In the absence of any 3. Has its own significance | 
force of gravity, c.g. has no under.all circumstances, 
meaning, say far out ia space. 


The second point above needs elaboration. (1) In. discussing a 
diver or a gun shell fired as a projectile above we have taken the C.G, 
to coincide. with the CM... That. will, hold so, long as value of g 
does not vary oyer their paths ; it:will not. be so far, an ICBM fired 
from one continent to another far above the range,of observation (2) 
Again if a body is very large the forces of gravity acting on „particles 
near, opposite, ends no Jonger remain parallel and its C M.,,and its 
CG, cannot coincide (3) for a very tall structure, such as the massif 
of Everest soaring upto 8848 metres in the sky, these two,pointsdo 
not coincide for the g value is ‘substantially less at the top than at its 
base, pulling the C.G, below the C.M. - To fix/our ideas, let. the mass 
of the massif be replaced by a uniform cylinder when its: C.M.: will 
be at the mid-point but the C.G; lower down for the lower part of the 
cylinder'being closer to the center of ‘the earth, | is pulled’ more than 
its upper part. We had already told you that the two points do not 
always coincide, 

Ex. 1-7.20. Find the position of the'C.M. of a 40 cm long. open- 


mouthed cylinder half filled with water. The can has a diameter of 10 
cm and made of a material of surface-density 10 glem’, 
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Solution : ‘When empty the C.G, is at R, 20 cm above the base 
The total weight of the empty can is ar*.d.g+ 2xh.d.g. 

Again, the weight of water in the can=x,5*,20,1.g. 

The C.M, of this water is at Q, 10cm above 
the base and that of the base is at P, its center, 
Let the C.M,.of the system be at a height H 
from P, 

Taking mass moments about’ P, of the mass of 
of the curved surface of the can, that of water and 
that of the can with water, we get 

PR» 2ar hd.g+xrh'x1xgxPQ 

= ar*.d.g.H+2mhdg H4 nr hg. H 

or, 20 x 2.5.40.10 +25.20 x 10 

= H(25,1042,5,40 425,20) 
H= 11,3 cm, 


C. CM. ofa Pair of particles. In astronomy it is ofien necessary 
to locate the C.M. of a pair of celestial bodies like the binary stars or 
a planet-satellite system ; for they hurtle thrcugh space as a unit while 
rotating about their centre of mass, The earth-moon pair is a case 
in point, On the other end of the scale, in a hydrogen atom the 
proton-electron pair does the same, (In refining ‘Bohr’s theory of 
hydrogen spectrum this point had to be taken into account), “We 
deduce below that the “C.M. lies along the line joining the two 
particles and divides the line in the inverse ratio of their masses. 

Let a pair of particles of mass Mand m at distances x, and x, 
from an arbitrary origin O (fig. 
1-7,21) be acted upon by 


parallel forces proportional to aa mary 5 aA ii 9 
their masses, The C.M. is the Sir woa wo 
point (C) where the resultant Fig. 1-7.21 


of these two forces cut the line joining the two’ points, Clearly the 
resultant would be proportional to K(M-+4m) and act at a distance x 
from O.. Then taking mass moments about O we have 
KMx, + Kmx,=K(M+m)x 
or, x=(Mx, +mx,)/(M+m) (I-7,10.!) 
(Compare the co-ordinates of a point dividing a. st, line in a given 
ratio. ) 


‘of a smoothly rotating. pair of 


ia vertical pin P passing through 
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Again taking moments about C we find 

j KMxr,=Kmx r, or, (M/m)=(r,/r,) (I-7.10.2) 

ie, C.M. divides the line in the inverse ratio of the particle 
masses, 


Ex. 1-7,21. The earth is 80 times as massive as the moon and the 
separation between their centers is 60 times the radius of the earth 


‘Find the distance of the C.M. of the earth-moon system from the 


centre of the earth taking the radius of the earth as 4000 miles, 


Solution ; \Let .r. be the required distance and mt 
Then from I-7,10,2 RAE ptun a 


80m xr =m x (4000 —r) or rœ=3080 miles 
ie, the point -lies within the 
earth and describes what we 
call the orbit of the earth. 


Fig. I-7,22 shows a. model 


unequal masses Mi and m about 


the center of mass of. the ‘ 
system, If P passes through Fig. 1-7.22 


any other point there will be wobbling. M and m may be thought to 
represent the earth and the moon respectively, 


1-8 
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18.1 “Work. The, term ‘work’ in our everyday language means 
some kind of labour, physical,.or »mental,, producing a result. In 


scientific language the term is used in a special’sense, Work is suid’ 


to be done when. the point of application of a‘force applied\on a body 
moves in or against the direction of the force. 


Work, so defined, involves two quantities, viz., (i) a force and 


(ii) a distance in the direction of the force.’ ‘When ‘a man pushes a 
‘cart on a level road or lifts: a load from ‘the floor, he not only 
exerts a force, but exerts it through a distance in the direction of the 
force, Under these conditions he is said to do work. When, 
however, he supports a bucketful of. water in his) hand» without 
moving it, he exerts aforce but does not exert it through any 
distance in the direction of the force. Whatever muscular fat’ gue 


Fig. 1-8.1 


he may feel in the act of holding the bucket, he does no work 
in the technical sense of the term, Neither is he doing work on 
a stone which he is whirling at the end of a string ( why not ?) 

The amount of work (W) done is measured by the product of the 
force (F) and the distance (s) through which the point of application 
of the force moves in the direction of the force, In symbols, 

W=E5S, (1-8,1,1) 
or Work=Force x Distance. 

When the directions of the force and displacement are not the 
same (Fig, I-81) the component of the force in the direction (x) of 
displacement is F cos 9, where 6 is the angle be'ween the two, Since 
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F cos. is the effective part of the force in the direction of displace- 
ment, the work done is given by 
W=F cos 9xs=Fs cos 0 = F.S. (J-8.1.2) 
or Work = Effective force x distance 
Alternatively, we may resolve s into components s.cos @ and s sin 6: 
in the direction of F and perpendicular thereto, The displacement 
of F in its own direction is s cos.@; hence the work done by it is Fs 
cosg. For a displacements sin @.no work is done by F, (Why not? ) 
You get an example of application of Eq. !-8.1,2 when a body 
moves down an inclined plane under gravity, The force of gravity 
and the motion it produces are not in the same direction, 


A. No-work forces: Ifno displacement occurs when a force 
acts or displacement is at right, angles to the force, no work is done, 
For in the first case s is zero in the second so is cosg. When a load 
is hanging from a support or a book is resting on a table no, work 
is done, for the point of application of the force is not being 
displaced, A man in a moving lift does no work on the brief case 
he carries nor a man walking ona, level road with the same ; 
in the first, relative position of the case with the man is not 
changing, in the latter, the motion is at right angles to the pull of the 
earth, 

If we continue pushing a wall or support a heavy load for a 
long time we do no work, yet may feel tired and spent as if we have 
done much, Why is it sop When we push repeatedly against a 
wall, various muscles move to apply small impulses ; contractions 
and expansions of muscles thus repeatedly occur leading to their 
being tired out. 

Q. A man rowing a boat upstream is at rest with respect to the 
shore. “Is he doing any work ? {8.8.Q. } 

Ans, Yes, A force is said todo work.when it moves its point 
of application in its own direction, Here the oar isa lever ; its 
fulcrum is in the water ; the load is where it is attached to the boat 
and the effort is applied at the end where the oarsman pulls it, As 
the man pulls the oar, the point of application of the force moves 
in the direction of the force. So work is done. 

Situation with respect to the shore is immaterial, 
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A similar problem arises fora man swimming upstream but 
failing to advance, He also is doing work. Had he not exerted, 
he would have been catried downstream by a distance which may be 
taken as his displacement ; because, the force of his effort keeps 
him stationary with respect to the bank. He applies force on the 
water by thrashing his hand and feet because of which there is 
relative motion between the swimmer and the flowing water, Again, 
the position w, r, t, the bank is immaterial, 


Problem : Two springs S, and S, have their force constants (ie. 
force required to stretch them by unit length) ask, and ką. On 
which is more work done when they are stretched (i) through the 
same length:(j/) by the same force ? [ Ans. (i) Sı (ii) Sa] 

Cases however arise when a force works and a displacement 
oceurs but no work is done of which we have already seen examples. 
If a body slides over a frictionless surface uniformly no work is done, 
for both its weight and the normal reaction are at right angles to the 
plane, Again, a centripetal force is a no-work force for the same 


season, force and motion being normal to each other, cos 9 in 
J-8.1,2 vanishes, 


B. Path-Integral of a force: In the most general case, the force 
may be variable both In magni- 
tude and direction while the 
path may be curved (fig. I-8,2), 
Then the work done as the 
particle moves from A toB is the 
Fiz, 1-82 sum of small finite amounts 
F, 0! 0,,8x,, Fy COS 8,.8x,, Fg COS 0,8x,. etc 
ie. W=S5W=F, cos 0, 8x, +F, C05 0, 8X4, Fy COS 0g 8Xg + 


ss $ Fy COS Op. 8p = = Cos Oy 3%y (18.1.3) 


If the distances become infinitely small and so indefinitely 
numerous then the above relation becomes 


B 
W= JE F cos 0 dx (Œ8.1.4) 
A 
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Thus work becomes the path integral of force as it is integrated over 
the entire path covered, Recall that, impulse is the time integral 
of force. 

C. (i) Work done by a system of force : When a number of forces. 
act on a body together and displaces it, then the work done is the. 
algebraical sum of the individual work contributions. This is equal 
to the work done by the resultant of all such forces, 

Work is a scalar: Though force (F) and displacement (S) are 
both vectors, work is not, itis a scalar, Whatever the direction of 
Fand s, so long as the quantity Fs Cos 9 remains unchanged, W 
remains the same, Work done, is thus independent of direction, 

Work is a scalar product of two vectors, force and displacement 
for their magnitudes are multiplied by the cosine of the included 
angle, Refer to eqn 1-2,12,2, Later we shall see power, the time 
rate of doing work, is also a scalar product of two vectors force (F, 
and velocity. (v). 


(ii). Work done ‘by’, ‘on’ or ‘against’, Whena body 4 exerts. 
aforce Fon another body B making it move through a distance 
in the direction of F, we say that 

(i) A (the agent which applies the force) does work on B. 

(ii) Work is done by A or the force F on B. 

(iii) When an agent moves a body against an opposing force, 
work is said to be done against the opposing force, Thus when a 
man lifts a load from the floor, he does work on the load against 
gravity, When a body falls under gravity, work is done by gravity. 

Whenever work is done, it is done against a resistance. In lifting 
a weight, work is done against gravity. In pulling a load over a 
rough surface, work’ is done against friction, When an unbalanced’ 
force accelerates a body, it does work ogainst the force of inertia. 
Such work is said to be positive work, When'the point’ of application 
force moyes in the direction of force i.e, motion and force are in the 
same sense, the work done is said to be negative 

(iii) Graphical Representation of Work: If the displacement 
produced by a force’ be plotted against ‘the force causing it, the 
principle of area under the curve gives us the work done (F.s) just as 
the distance covered by a moving particle is the area under the curve 
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on’a velocity-time graph (fig. I-1.14). Here we however plot the 
component of the force in the direction of displacement, In fig. 1-8 3, 


We =F2S2} 


Fig. 1-83 
three cases are shown, work done by (i) a constant force, (ii) force 
proportional to displacemant (as in SHM or elastic deformation 
and (iii) a variable force. 

182A Work done in rotation Leta force F (fig. I-8.4) tura 
a diso about an axis while acting»at a distance from’ thei'axis, e.g: a 
rope! wound round the body and 
the force applied at one end of the 
rope. If the body is turned through 
@ radians by the action of the force, 
the point of application of the force 
moves through a distanec s= 70, the 


length of the rope unwound, , Hence Fig, 1-8,4 
the work done is 


W=Fs=Fr0 (1-8.2,1) 
But Fr is the moment of the force about the axis of rotation, 
which is its torque (T). 9 is the angular displacement (in radians), 
«e Work = torque x angular displacement = 70 (1 8,2,2) 
It follows thea, that whena torque (due toa couple ) rotates 
a shaft, as in an engine, the work done in a-given time is 
equal to the product of the torque and the angular rotation of the 
shaft in radians, If T is the torque due..to the couple (ie, the 
Moment of the couple)and n the number of revolu!ion undergone by 
‘the shaft, then the work:done is 
SPI ae W=T2xn0 1-8,2,3) 
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Problem?) Find the work done’ if? 3 turns are necessary in 
unscrewing a rusted heavy nut by a 10 cm wrench at the end'of 
which the force is to be applied. ; (Ans +1885) 

B... Work. done by.a,couple: A pair, of equal and. unlike, 
parallel forces acting at two different points ofa finite body forma 
couple and a couple produces rotation, Its ability to produce ‘rotation 
increases with the torque or the moment of the» force,“ given by'the 
product of one of the foreesand the perpendicular distance between 
the lines of action of the two forces, You know these already, 

Note: Torque.is a vector, for a rotation has direction, clockwise 
or anti-clockwise, It is measured by the product F xd (Eqn 1-6,4,2), 
Work is also measured by the product F. d. Numerically torque and 
work are the same but physically completely > different, The’ former is 
a vector product of the two, vectors ; it has a sense of rotation and 
also the vector magnitudes multiplied by the sine of the included 
angle (Equations 1-6.4,2 and 1-2,12,3).-d in-torque-is the component of 
distance measured. perpendicular ‘to’ the force ; in work; dis the 
component.of displacement parallel to the force. 

Suppose you want to open-awater tap you 
place your two fingers near the two ends of the 
upper crosspiece and press them equally in 
opposite “directions ; ‘the T-piece rotates and 
water begins to flow, This illustrates how 'a~ 
couple produces ‘fotation (fig, 1-8.5a). Fig. 

1-8,5(b) shows the ‘relevant plan where A and 
B represent the poirits where your fingers press 
with equal and unlike forces Fi and F, and 
rotate"itheitaphtead*through an angle @ to the 
displaced position AB~ If AB=/, the the Fig, 185a 
moment of the couple (T) is F x1. Then the 
work done | byithe forces about the axis are as follows : 
F, at A= F} xarc AAC 
=F, xOAx6 
and F, at B=F, x aro BB“ 
=F, xOBX0 
» Buthere ¥, =F, =F (say) 
+, ‘Total work done= 
Fx0%(OA+AB)= 
Fx0 XAB = FXX 6 


Fig 1850 ii st So W=Tosame as 18,225 
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or, work done by a ,coup'e=moment of the : couple x angular 
displacement, Note that, the work donevis independent of the position 
of rotation axis, Ifthe moment of the couple happenes to be not 
along the rotation axis but inclined to it at an angle $ then the work 
done will be T cos ¢.6, 

183. Units of Work : 

The unit of work involves the units of force and distance, Force 
may be expressed in absolute or gravitational units, Besides, there 
are the metric and the British systems. All these lead to a number 
of units of work, which however should not have been the case, 
The more important of these units are listed below. 


Dimensions of work is ML T-° x L=ML*T-2 


Nature of Unit of | Unit of Corresponding unit 
unit force distance of work 
(1) MKS absolute | newton ay newton x 1 metre 
(sh | = 1 newton-metre or 
‘ 1 joule (symbol J) 
»  &favitational kg-wt or | metre 1 kg-wtx 1 metre 
kgf =1kg-m 
(2) CGS absolute dyne cm 1 dyne x 1 cm 
=1 erg 
gravitational gm-wt or cm 1 gm-wtx 1 cm 
gf = 1 gram-centimetre 
(e-em) 
(3) FPS absolute poundal ft 1 poundal x 1 ft 
vr = 1 ft-poundal 
» gravitational Ib-wt ft 1 Ib-wtx 1 ft=: 1 foot- 
or lbf pound (ft. 1b) 


A definition in words may be easily provided for each unit of 
work, The erg is the work done when the point of application of 
a force of one dyne moves through a distance of one centimetre in 
the direction of the force, 

The Joule is the work done when the point of application of a 
force of 1 newton moves through 1 metre in the direction; of force, 


A 


If 
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The joule is the practical unit of work in the cgs system, and is 
equal to 147 ergs, But in the mks system or in SI units it is the 
absolute unit of work, 

1 joule=107 ergs. (1-8.3.1) 

What is ‘a kilogram-metre’ or ‘a ton-foot?? The former is the 
work done when a weight of one kilogram is lifted through one metre 
against gravity. When a mass m is moved vertically through a 
distance h, the force of gravity oa it is mg and the displacement in the 
direction of the force, h. Hence the work W=mgh, is done by 


gravity when the body falls, but against gravity when the body is ` 


lifted. mgh will be the work in absolute units, and mh the same in 
gravitational units, 

{ Note: In defining all gravitational units the idea gains ground 
that here work is done only in raising or lowering weights vertically, 
The impression is incomplete, A kg-meter is the work done when a 
force of 1 kgf i.e. 1 kg-weight (i e, a force generating on acceleration 
of 9.8 m/s? on one kg) acting in any direction moves its point of 
application by 1 m in the direction of motion, Similarly a force of 
1 1b, which produces on a mass of 1 slug» an acceleration of 32 ft/s*, 
moves it through 1 ft, the work done is ft-Ib. ] 


Conversion of units. We have seen before that the newton may 
be replaced by its equivalent kg m/s*, the dyne by g cm/s* and the 
poundal by lb ft/s”, In converting a unit of work from one system 
(of units) to another, we sball find this very useful, A few examples 
are given below, 

1 joule= 1 newton x 1 metre =1 kg m/.*x1m=1 kg m*/s* 

= 1000 gx(100 cm)*/s* = 107 g cm*/s* = 107 erg, 

The equivalent of the joule is kg m*/s* ; and of the erg, the equi- 
valent is g cm*/s*, The foot-poundal=1 poundalx 1 ft=1 Ib, ft/s* 
% 1 ft=1 Ib ft/s", The absolute units of work in any system of 
units is thus formed by the quantity (unit mass) x (unit length)* -+ 
(unit time) *_ML*T-*, 

We may now try some conversions, remembering that if the 
quantities are not in absolute units, they must first be so converted, 


SEE ees 
* As has been noted earlier ( § O-1.6 ), Ib to-day is the unit of force which was 


formerly called Ib-wt or lbf Slug is now the unit of mass formerly called a pound, 


19 


` 
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To convert the ft lb into joules. 
1 ft, Ib=1 lb-wtx 1 ft=32'2 poundals x 1 ft 
= 32:2 Ib ft?/s* = x kg m?/s® (say). 
Then x= 32:2 x [E} =322 x04536 x (0'3048)" =1 356 J. 
kg” \m 


[ N.B. This also shows how the unit symbols are treated as 
algebraic quantities. ] 

Example. I-81. A man weighing 150 Ib ascends a flight of 36 
steps each 8inches high. What is the work he does against gravity 7 
36x8 

2 ft= 3600 ft, Ib, 

Ex 18.2. A force of 1 megadyne (=106 dynes) acts on a 
body weighing 1 kg. Find in joules the work done in 2 seconds, 

Solution: To calculate the work done we require the distance 
over which the force acts. 


Solution : Work done=150 1b-wt x 


f _ force _ 10° dyn 
b The acceleration of the mass= Sen ar 
<. The distance traversed in 2s=} at? =3x 108 x4 cm, 
The work done =force x distance = 108 dyn x2 x 10° cm. 
=2x 10° erg=200 J. 

Ex. L83. How much work was done by the sun in raising water 

vapour so as to form a cloud which on reaching the earth from one 

“ mile high produces a water pool 4" deep over a square mile ? Pat. U.] 


Solution: Volume of water in the pool=1 sq. mile x4 in 
1 
= 0,3 Dee 
(5280)? x sq, fury z ft 


Mass of that water = Vp - 6280)" 


=10* cm/s? 


lbs 
3x12 cu ft x 62.5 a 


Work done in raising this mass of water through one mile 


2 
= (mg)h = Wh = ea x 62.5 Ibs x 5280 ft 
5280)® x 6 
= 0280) X625 fetbs=3.8 x 1011 fb, 


Ex I-84. Show that in raising an extended body vertically 
through a distance, the work done is the product of its weight and 
vertical rise of its C.G. 

Solution: A body is made up of a very large number of pariicles 
of weights w,, w,,W...etc and in raising the body let them rise “ 


through h,, h., hy...etc. Clearly the total weight wes Si, 
n=l 
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We take the Z-axis of a reference frame in the vertical dir.ction 
Let the vertical co-ordinates of the points initially and finally be Pris. 
Za, Zg and Z,4 Z,4Z,”..etc. In raising the particles the total 
work will be wihit+weh,t+wW3hz +...etC= Wain Now the initial 
and final positions of the C.G. will be by eqn. I-7.6.4 

Z=3Wn7,/W and Z= 3WpZ nW 

Thus the vertical displacement of the C.G. will be 
~ h=2 -Z= SWZ a Zal W=EWnhn W 

<e Total work= Wh = E WpZn 

Here the body must be raised with uniform velocity for the result 
to hold. ; 

Problem: 8 stone cubes (P=2.5 gjcc) each of side 10 cm lie 
scattered on ground, Find the Work necessary in making a pile 
placing one neatly above the other ( Ans, 58.6J) 

[ Hint: Total height 80cm, Height of C.G, 40cm. Height of 
C.G, of first cube 5 cm ] 

I-8.4, Power. When work is done, its amount is not the only 
item of importance. The time in which the work is done is also of 
great importance, Suppose a 100 gallon tank is to be filled by drawing 
water from a well, 50 ft deep. 100 gallons of water weigh 1000 lb, 
Hence the work to be done in drawing it from the well will be 
1000 x 50 = 50,000 ft. lb, If the work is done by manual labour a 
stronger man will be able to do it faster than a weaker one. 
The former would then have done more work per unit time than 
the latter. If a motor-driven pump were employed, a more 
powerful motor would complete the job in a shorter time than a less 
powerful motor, The former does more work per unit time than the 
latter, 

The time rate of doing work is called power, i.e , power is the work 
done per unit time, 

Power = work = Force x Distance = Force x Velocity. (1-8.4.1) 
P=F v =F cos 0 v or F.v cos 6 (1-8.4.2) 

ie. power is a scalar product of two vectors force and velocity, 
When a person does work his sense of fatigue is determined more 
by the rate at which he does the work than by the total work done, 
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Suppose a boy weighing 120 Ib ascends a flight of steps which carries 
him 15 ft above the ground, The work he does against gravity is 
15 x 120= 1800 ft, lb, When he completes the ascent in 20 seconds 
he feels little fatigue, But if he tries to do it in 4 seconds, he will 
feel much more fatigued, In the latter case his rate of doing work 
i.e. power, is 5 times greater than that in the former case. 


Two railway trains of the same weight move at 30 mph and 50 
mph respectively, If the friction of the rails and the resistance due 
to air are the same for both, the latter does more work than 
the former, because it moves a greater distance in the same time, 
So its rate of doing work, or power, is greater than that of the 
former, 

The power delivered by a machine may be constant, or it may 
fluctuate. In the latter case we shall be concerned with the average 
power. 

Units of power - Watt and Horse-power. Any of the units of 
work combined with a suitable unit of time will provide a unit of 
power, Two practical units of power are, however, very widely 
used, They are (i) the watt and (ii) the horse-power. 


When one joule of work is done per second, the power is one watt 
(symbol W). A power of one thousand watts is a kilowatt (KW). 
In other words, whea 1000 joules of work are done per second, the 
power is one kilowatt. Electric machines are rated in watts and 
kilowatts, In mks units the watt is the absolute unit of power: in 
cgs units it is the practical unit, The watt is the SI unit of power, 
1W=1J/s, A million watts is a megawatt (MW). 

The practical unit of power used in engineering practice in the fps 
system is the horse-power (hp), When work is done at the rate of 
550 foot-pounds per second (or, 33000 ft. lb per minute), the power 
is called one horsepower. James Watt initiated this unit. 

To express the horse-power in watts, 

1 horse-power = 550 foot-pounds/second 

= 550 x 1.356 joules/second = 746 J/s 
3 = 746 W (watts). (18.4.4) 
A hp is thus approximately 4 kW. 


zi ridd 
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Some units of power and their cnnversion factors are summarised 
in the table below : 


q Joule _ 497 288 


1 watt= = 
second second 
ft, Ib _ ft, Ib t 
1 hp= Arer a 3300 746 watts= 0:746 kW (I-8.4.4) 


1 kW= 1000 watts =1:34 hp. 
1 ft, Ib per second= 1'356 watts, 


I nero 

The kilowatt and the horse-power have given rise to two more 
units of work—the kilowatt-hour and the horse-power-hour. The 
kilowatt-hour is the work done when power is used at the rate of one 
kilowatt over a period of one hour. This is the unit on which the 
cost of electricity is based, It is also known as the B, O, T. (Board 
of Trade) unit, 

Similarly, the horse-power-hour is the work done when power is 
used at the rate of one horse-power over a period of one hour 

Ex. 1-8.5. A 1000 gallon tank at a height of 60 ft above the water 
level has to be filled with water. If a motor pump rated at $ hp is 
used to do the work, find the time required to fill the tank. (Given, 1 
gallon of water weighs 10 1b). 

Solution ; Weight of 1000 gallons of water = 10000 Ib, 

"the total work to be done = 10000 x 60 ft, Ib. 

The motor has a power= } hp, i.e., it can do 550/2 ft. Ib of work 
in 1 sec, 
The time required to fill the tank= EERE 

50 ft, 1b 
2s 


Eui s=36 min 22 sec (approximately). 


Problem: Water is being raised from a well up toa height of 
25 ft. by means of a 5 hp motor pump. If the efficiency of the pump 
be 85%, how many gallons of water will be raised per mininute 7 
(1 gallon of water weighs 10 Ib, g=32.2 fi/sec*), [H.S. 79] 


Hint: From the wording of the question it appears that 
‘efficiency’ here means 85% of the rated power (5 hp) is available for 
lifting water, ] 


Ex 186. A tractor can exert a horizontal force of 1000 kg. and 
travel at 5m/s. Find its power in killowats. 


254 MECHANICS 


Solution : The work done by the tractor in 1s=1000kg-wt x 5m, 
= 1000 x 9.8 newton x 1 metre, 
«<. The work done in 1 s=9800 newton-metres =9800 joules 
.’. Its power=9800 J/s=9800 W=9.8 kW. 


I-85. Energy. When a body can do work, we say it possesses 
energy, Energy of a body is defined as its capacity for doing work, 
It is measured by the amount of work the body can do, Energy and 
work are essentially the same kind of quantity, and are measured 
in the same units- We might characterise energy as latent work. 

Various attempts have been made to define energy— 

Energy—the go of things (Maxwell) 

is a measure of price of mass in motion, 
—is that which is changed from one form to another when 
work is done, 

A man or a horse can do work ; so he possesses energy, Steam 
can push the piston within the cylinder of a steam engine ; so it 
possesses energy. A moving body possesses energy since it can make 
other bodies move when it collides with them, An elevated body 
possesses energy since, while falling, it can pull other bodies up. If 
such a body pulled a mass of 1 kg through a height of 1 m before 
reaching the ground, we may say its energy was 1 kilogram-metre or 
9'8 joules, or that the body lost 9:83 of energy in pulling the 
weight up, 

This entire universe provides the stage for interaction of matter 
and energy, But matter itself can do no work for it represents inertia 
It is the energy that imparts to matter its ability to do work. A body 
moves or vibrates, even warms up when energy is passed into it, 
Had there been no energy the universe would have been inert, dead, 
Fortunately the universe is an unbelievably vast storehouse of energy, 
It has been further established that matter is after all, condensed 
energy just as ice is condensed water. 

Different forms of energy. There are many forms of energy. 
An electrically charged body attracts lighter bodies, and can make 
them move, It possesses what we call electrical energy, Magnets 
Possess maghetic energy. Heat of steam makes locomotives move, 
Heat is a form of energy, Radio waves, light and X-rays are also 
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forms of energy, An important form of energy is the chemical energy, 
as is possessed by coal. When coal burns it combines with oxygen 
releasing chemical energy in the form of heat. 

In recent times man has harnessed a vast source of energy, It is 
derived from the conversion of matter into energy under the action 
of nuclear forces in the atom, and is called atomic energy. The atom 
bomb the hydrogen bomb and the atomic reactor are devices for 
the release of atomic energy, This form of energy provides the 
sun aud the stars with their apparently inexhaustible supply of 
energy. 


In mechanics, we are however interested in what we call $ 
mechanical energy. The definition of energy we gave at the begin- 
ning of this section, strictly relates to mechanical energy. In the 
wider sense, energy is that which can bring about any change in 
matter. A body may possess mechanical enerey due to either one 
or both of the following two causes, viz, (i) by virtue of its motion, 
and (ii) by virtue of its position ot configuration. The former is 
called kinetic energy and the latter, potential energy. 


1-8.6. Kinetic energy of a body is defined as the energy it 
possesses because of its motion, It is measured by the amount of 
work a moving body can do against'an opposing force before it comes 
to rest A moving hammer possesses kinetic’ energy, which enables 
it to do work in driving a nail intoa wall against the resistance, It 
cannot however do so, if left in contact with the nail, 

A. Translation, To obtain an expression for the kinetic energy 
of a body of mass m moving with velocity v, we impress on the 
body a force F which opposes the motion and finally brings it to 
rest, The acceleration (or rather the deceleration) produced by the 
force is -a=—F/m. If the body moves through a distance s before 
it comes to rest, then from the relation that 

(final velocity)* — (initial velocity)* 
= 2 x acceleration x distance 

we have 02—y2=—2as or y*=2(F/m)s or Fs=}ny’. 

Now Fs is the work done by the moving body against the opposing 
force before coming to rest, Hence this is also the magaitude of its 
kinetic energy. Since Fs = }mv*, the latter expression gives the kinetic 
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energy of the moving body in terms of known quantities, Note that 
it does not depend on the opposing force F, 
Kinetic energy = } mass x (velocity )* 
K=} my" (I-8,6, 1) 
Work-Energy theorem. It is easy to see that ifa force F acting 
through a distance s changes the velocity of a body from u to DA 
then 


Fs=}m(v* —u*)=K-Ky= AK (1-8.6 2) 
or work done by the force -= change in kinetic energy, 
for 4m(v* —u*) = }m.2as =maS=Fs, 


This very important result is known as the work-energy theorem 
for a particle and indicates the relation between energy expended and 
the work obtained. Kinetic energy of a moving body is thus the work 
it can do before being brought to rest, as we have noticed already, 

Its magnitude can be alternatively and more precisely established 
as follows, If the point of application of a constant force F moves 
through a small distance dS against an opposition, the work is 
dW = FAS. 

Then the total work done is 

S 


S S 
W=fdW= z awf e 
faw J Fas [raas ms 
A 8. LA 


S X 
S 7 
=m f dv: B om fdr v= amy? =u) (1-8.6,3) 
So u 
If the body is brought finally to rest y=0 and K.E, = mu’. 


More general Case: Remember that, F in the last equation is a 
resultant force, not the applied force, You know that to move a body 
you have to overcome frictional force, When the applied force on a 
moving body is equal to the frictional force, the resultant applied 
force is zero and by Newton’s First law there will be uniform motion, 
That is why you spend petrol and pay for it when you drive a car 
uniformly along a straight road. To accelerate the car you have to 
apply a foree F greater than the frictional force F. Then 

(F—F)s=}my"—u?) 
where the L, H, S, gives you the work done on a body and the R.H.S. 
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of the equation its consequent rise in kinetic energy. Informations 
available from the above equation are esa 

(i) Work done on a body by a net applied force raises its K.E. 

(ii) If we put the above relation in the form Fs =FS 
+4m(v—u*), then the first term of the r.h.s gives the work done 
against the opposing force, Thus (a) a part of the applied force 
overcomes the oposition and (b) the remaining part increases the K.E, 
of the body, With F=0, say ona smooth (were it possible) table, 
the applied force itself becomes the net force and the entire work it 
does, becomes the K.E of the moving body. 

(iii) Work done or energy spent in overcoming opposition is said 
to be dissipated, mostly into heat sometimes into light or sound, The 
factor or agent producing this change (friction, viscosity, electrical 
resistance) is called the dissipative factor or agent, 

(iv) If F=0, then $m(vy?—u") = — F.S which suggests that y<u 
ie. K.E. decreases as the distance is described, due to the work done 
by the body against the opposing force, This is what happenes when 
you switch off the engine of your moving car and it decelerates, The 
K.E, that disappears is converted into heat, 

B. Kinetic Energy of Rotation + Since motion may be rotational 
also and it requires a couple to generate rotation, a rotating body also 
possesses kinetic energy. This energy would, by analogy, be 4w” 
where I is the moment of inertia (analogous to m, the mass) and w, 
the angular velocity ( analogous to y the linear velocity ) 

C K.E due to explosion: When an explosion occurs or a 
nuclear disintegration, the two fragments may move in opposite 
directions; the larger mass is said to recoil, It is similar to firing 
a bullet or a shell from a rifle or a gun Ifthe respective masses be 
mand M and velocities y and V we have 


wtih had ew cd Ler wie =m = 
K.E. of Larger mass $ MV* MVV V m 1/M 


ments are equal, This conclusion has been arrived at before (See 
Example I-3,), K.E. varies inversely as the mass as for collisions or 
explosions. 
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If K be the total energy of the two fragments from !-8 6,1 
Kop toMy Mtm K 
Ke m 


m Ky 
f __mK = MK 11-8.6,2 
ie far ey A Km EM \ ) 


D. Momentum and kinetic Energy: Momentum of a moving 
body is my and its kinetic energy is }mv*, For a long time there 
raged a controversy as to which represents the force of a moving 
body, Among others, Hooke, Newton himself, Descartes, Leibnitz, 
these giant mathematicians engaged in the debate till D?Alembert 
solved it, He pointed out that borh represent the accumulated effects 
of force but their significances are quite different 3 as we have shown 
above and else where that bodies with same momenta may have 
different kinetic energies. 

If p(=my) represents the linear momentum then kinetic energy is 

Kum amv" = 4 OY” (p/m) (8.6.3) 

Further, momentum involving y must be a vector, while kinetic 
energy (i.e, latent work) involving v? is a scalar quantity, 

Again, for a rotating body angular momentum L= Jo and hence 
its kinetic energy K,=}L"/I by analogy, 

Ex. I-8.7 A body of mass 10 kg moves wih a velocity of 
10 metres per second, Find its Kinetic energy in ergs and joules, ` 

Solution: 10 kg=10,000 g ; 10 m/s= 1000 cm/s, 


3 
<. K E=}x 104g Goas 1010 oS" xom, 


=} x 1010 ergs=4 xe 1 x 10° joules = 500 joules, 


To get the work in absolute units of the cgs system the mass must 
be in grams and the velocy in cm/s. The values in the problem are 
in mks units, So kinetic energy=4x10 kgx(10 m/s)* =500 kg 
m*/s* = 500 J 


Ex. 1-8.8. A bullet weighing 4 oz is fired with a Speed of 1200 ft/s 
from a gun weighing 20 lb, Calculate the kinetic energies of the shot 
and the gun, 


Solution : KE, of the bullet= 4 x as lb x (1200 fr/s)® 
= $X 1200 x 1200 Ib, fi?/s* = 18 x 10¢ ft. poundals, 


WORK, POWER AND ENERGY 


To calculate the K. E. of the gun we must know its velocity, This i 
can be found from the principle of conservation of momentum ; 

Now momentum of the shot- 34 1b x 1200 ft/s=300 Ib ft/s. 
momentum _ 300 Ib, ft/s 

mass 20 Ib 

<. K.E, of the gun=} x20 Ib, x 15 fi/s)* 
= 10225 Ib ft?/s* = 2250 ft. poundals, 

[ Note that the kinetic energies are not equal, but are in the 
inverse ratio of the masses, ] 

I-8.7. Potential energy is the energy which a body possesses by 
virtue of its position relative to the surroundings, its condition, or 
configuration (i.e. the relative position of its parts), It is measured 
by the work the body can do in passing from the given position, 
condition or configuration, to some standard position, condition or 
configuration, Potential energy is always measured by the difference 
from the standard position, The P.E. in the standard position is always 
taken as zero, We can never find the absolute value of the potential 
energy. The choice of the standary position is arbitrary. 

A Potential Energy due to Position: Let a body of mass 
m be raised to a height h above the ground. In falling it can pull 
another body up vla a pulley, The work it can do, is given by the 
product of its weight and height above the ground ( generally taken 
as the standard position), This is the measure of its gravitational 
potential energy. ó 

Gravitational potential energy =(F. d)=mgh. (J-8.7, 1) 

Absolute value of potential energy cannot be determined. 
Consider the above case, A body raised to a height h above the 
ground level has a potential energy mgh, if it can come back to the 
ground level, If the body was on a table of height h’, its potential 
energy relative to the table top would have been mg ( h—h’). So the ` 
value of ihe gra‘itational potential energy depends on which level we 
take as the level of zero energy. Now, the choice of this zero energy 
level is arbitrary, that is, we choose it according to our convenience, 
Any value of potential energy, that we derive depends on our choice 
of the zero level of potential energy, which is arbitrary, If the zero 
level is altered, the value will alter by some constant amount. 


+ the velocity of the gun = =15 ft/s 


hs 
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Potential energy of all kinds is a'ways measured with respect to 
some standard configuration, We never know what the potential 
energy is in the standard configuration, Hence we say potential 
energy is undefined to the extent of an arbitrary additive constant, 
This constent is the potential energy in the standard configuration, 
We never know this quantity, In measuring P.E, what we measure is 
the change in potential energy,» 

The arbitrary additive constant can be introduced mathematically 
as below, Let the body of mass m be displaced vertically through 
adistance dh. Then the total work done can be found by integrating 


the quantity mg.dh. 


.*, Work done =Potential Energy = /mg.dh=mgh4+C  (I-8.7.2) 
where C is the constant of integration, It is the work done when 
h=0, ic., the potential energy in the standard configuration, We 
cannot measure i', 

B. Potential energy of strain, due to change in condition or 
configuration, 

(1) Compressed air can drive machinery, It possesses energy by 
virtue of its condition of being compressed, The standard condition. 
is generally that under normal atmospheric pressure. The work that 
the compressed air can do in expanding to a pressure of one atmos- 
phere is a measure of its potential energy, 

In compressing air, the pump draws air from a large vessel of air 
at normal atmospheric pressure. Since at normal atmospheric 
pressure air moltcules do not move asa mass it is taken to be the 
standard configuration, But bringing them together to this condition 
must have required some unmeasured work which is the P.E, at 
the standard condition, the arbitrary constant, 

(2) The main spring of a clock, when wound, drives the hands 
of the clock, It acquires potential energy in winding which changes 
the relative position of the different portions of the spring As it 
unwinds the spring loses energy, ultimately coming to rest, Then its 
P.E, is taken to be zero and it is said to be in its standard configura- 
tion. But work must have been done when shaping a metal strip into 


© When we measure temperature by a thermo te E u. the 
temperature difference, 


WORK, POWER AND ENERGY 268 


the spring but we never consider that, This is the P.E, ht the 
standard configuration and we do not know it, the arbitrary additive 
const, 

1-8.8. Relation between the work done and the potential energy 
of a system. Take a body of mass m at rest on the surface of the earth 
The potential energy of the system consisting of the body and the 
earth in this condition is arbitrarily taken to be zero, When an agent 
raises the body to a height h, the work done by him against gravity : 
(i.e., against the force operating between the bodies comprising the 
system) is mgh, The potential energy of the system is also mgh now: 

If, on the other hand, the body fell from tne height A to the 
surface of the earth, the work done by gravity, i.e., force operating 
between the bodies comprising the system, is mgh, its loss of potential Z 
energy. We therefore find that 

(i) When work is done by the forces operating between the bodies 
comprising a system, the potential energy of the system diminishes 
exactly by the amount of work done, while 

(if) ihe potential energy of a system increases when cn external 
agent does work on it (ie, against the forces operating within the 
system), the increase of energy being equal to the work done. 

The result applies to gravitational, electric and magnetic cases, 
dissipative forces of the nature of friction being neglected- 

Effect of Altering the Base Plane: The eflect is shown in 
fig, 1-8,6. With reference to the base plane, m at A has ave P.E, of 


mgh, and —ve potential energy of R 
mgh,, when at C, If the base plane is S T ts i | 
shifted to C, then P.E. of m at A will 

w 


become mg h, +h,). 
Heights of mountains are measured 


from tbe mean sea-level arbitrarily 8 Soe 
taken to be at zero level (Water R 

level of the Caspian Sea in Rusa is 84 he 

feet below and that of the Dead Seain j| peeves 5 

Palestine 1291 feet below this level) dee li Eerma 
Everest rises 29,028ft above Sea-Level Fig L-86 


while the greatest oceanic depth known till now, the Challenger Deep 
in the Pacific Ocean is 34,178 ft below the level. If height were 
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measured from there, Everst becomes 63,206 ft high ! So change of 
base level would alter the measure of optential energy. 

1-89. Potential Energy and Equilibrium. ‘Since energy of an 
agent is its capacity for doing work and potential energy of a body or 
( system) is the work Stored up in it, every system tends to attain 
the condition of minimum potential energy, We have discussed 
above (I-7,8) the nature of different. cases of equilibrium. Here 
we pre:ent the explanation of their behaviour, 

The behaviour of bodies in different types of equilibrium are 
governed by the change in P.E. they undergo, when slightly disturbed. 
When the potential energy of a body is minimum and it is slightly 
disturbed its C.G rises and so P.E, increases, The body then tends to 
reduce P.E, and thus to return to equilibrium. So the equilibrium 
is stable. If P.E. is high the body tends to reduce it and so the 
equilibrium becomes unstable, If however, change of position of ihe 
body does not change the position of its C.G. and hence of its P E, 
the equilibrium becomes neutral. 

A ball in equilibrium beside a deep hole rolls down if slightly 
pushed because of change of base plane has given 1o it more than 
minimum P,E, which it had, while lying on the ground, 


18.9. Conservation of Mechanical energy : Mechanical potential 
energy as you know are of two types, kinetic and potential and one 
changes continuously to another when falling or rising whether in a 
vertical line or an incline or a curved trajectory. In absence of 
friction their sum total always remains constant, This will be verified 
in some simple cases, 

Note: Potential energy is possible in other forms e.g, chemical 
potential energy in electric cells, solar energy In fuels like coal or oil, 
nuclear energy in atomic nucleii, cases outside the scope of our study. 

A. The sum of the kinetic and potential energies of a freely 
falling body remains constant throughout its motion. Let m be 
the mass of a body falling freely from rest from A at a height h above 
the ground, Lety be its velocity after it has fallen through x to 
B, From the relation 

(final velocity)” — (initial velocity)? = 2 x acceleratlon x distance 
we have v’? = 2gx 

~. The kinetic energy of the body at B is 4my* =mgx. 


z { 
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Its potential energy at this height, ie, 4 —x above the ground, 
is mg (h—x). 
+, The total energy = kinetic 


energy +potential energy n x 
=mgx +mg (h—x)=mgh. | 
Since x may have any value 
from 0 to h, we find that the total J 


energy of the falling body remains 
constant and is equal to its potes- 
tial energy at the topmost position. 
It is also clear from the 
: analysis that the gain in kinetic 
energy is equal to the loss in 
potential energy. 
Vo is the velocity of the body when it reaches the ground, then 
=2gh. Hence the kinetic energy when the body just touches the 
EEY, at C=4mv.* =mgh =its potential energy at the top, 
B Body rising vertically : Let it start from C” (fig. I-8.7 b) with 
a kinetic energy mu? and its rise is governed by the relation h= 
ut—}gt?, Now, the maximum height ( A“) attained is h=u"/2g so 
that gh=4u® ; multiplying by m we get mgh = }mu*. 
At a height h” (B°) the velocity v comes from the relation 
u%—y*=2gh, Multiplying by 4m we get mu” —}mv* =mgh" i.e. 
loss in K., E, equals the gain in 
P.E, Sum of them at B| as indeed 
throughout the upward journey 
is constant, 

In fig. I-8.8 we see the trans- 
formation of potential energy to 
kinetic energy in a grand natural 
sight—the water-falls, At the 
top the water has P. E. because 
of its position aboye the base, 
As water spills over the edg> and 

Fig. 1-8.8 falls with ever-increasing speed, 
its K, E, (4my?) gains and P. E, loses out. At the bottom of the falls 
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the P, E. approaches zero while K. E. approaches the maximum, A 
turbine or a paddle wheel placed there will be set rotating and can be 
utilised in generating electricity (Hydro-electricity). 

C. Body sliding down or climbing up a smooth incline : Let a 
mass m slide down a smooth plane inclined at @ to the horizontal. 
Its acceleration down the incline 
is g sin 9 (ie, g thereby is ‘diluted’ 
as Galeleo did), Let it start 
from rest at the top (A) and roll 
down a distance s (B) where it 
acquires a velocity v? =2g sin 6.5 
and a K.E. }my*= mgsin 6.s= 
mg s sin 0 = mgh. 

But h is the vertical distance through which the mass would have 
fallen in the same time that the ball has rolled, Ifthe height of A 
is H form the base-levele the energy is initially wholly potential and 
mgH. 

Hence the potential energy at B is mg(H—h) and kinetic energy 
mgh. So the total energy at B will be mgH i.e. the initial energy at A, 
the top, If now the ball is so pushed up the incline that it just gains 
the top, the initial K.E. is finally converted into P.E, (in absence of 
friction) 


Fig. 1-8.9 


Note that the velocity gained by a body rolling down an incline is 
independent of the inclination angle and ` 
depends only on the height descended for 
y*= 2g sin 0.s=2gs. sin 0 = 2gh, 

D Pendulum: It is a small ball sus 
pended by a thread vertically from a rigid 
support and can oscillate in an arc, We have 
seen that the movement is caused by gas 
indeed in all the examples cited above, $ 

When the pendulum bob is at rest, it is 
at its lowest possible position O (fig. I-8.10) 
and hence has minimum P.E. If pulled up to 
to Bit is ata higher level than the reference hay 
level (RL) through O and hence possesses more P.E, than at O, 
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Let thatiof B be h, and: hthatiat C. “Theat these points respective 
*P.E, carer mgh andimgh’. When released the ball would come down 
along) 'the- arc, gaining in°velocity i.e. in K.E, which will maximise at 
O. At’ any point'C in its path the sum of P.E, and K E, will be 
constant,’ 


At B, the maximum diplacement position, the bob is at a 
horizontal displacement of a from the vertical AO and height h from 


the horizontal OL, 


Now h=OD=AO+ AD=/=/ cos 6 
= {1 — cos @)'=1.2 sin? 76 


a 2 a’ 
iz) ea 
< (P.E.),=mgh =mg(a?/2)) 
Similarly (P,E.)g =mgh’=me(x*/21) 

Loss in P.E, in coming’down" from B'to'C'= Gain in K.E, = K,E, 
at Gul In) falling: through» a, height (—h*) ithe velocity acquired! 
will be 

(0%) p= 2¢ (h=) 
qi x t 
and (K.E.); =}my* = m.2s( 7 


oy A i) 
2 i 
Total Energy at CaM Initial P! E, at B, 


Ex; ,1-8:9,. A 20g bullet; moving horizontally at: 100 m/s- embeds 
itself at the center of al kg wooden block, suspended by a: light. 
vertical string Im long, Find the maximum inclination of the 
strings J 

Solution ; From momentum ccnseryation 20 x 100 =(1000-+20)y, 
or y=}92 m/s. The K.E, is then 4(m+M)v*, It raises the, mass, 
through say A, gaininga P.E. of (M-+m\gh.. Clearly. these two are 
equal due to. energy conservation, 


s. h=4(v9/g)= KL- cos 0), 


; vo -14 000/50 _ 
Si riker 145p Ex 0.8038 


<» .0= 37° (from log table), 
20 
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E. Projectile: Let a particle of mass m_ be fired at an angle 
nie j i « to the horizontal with an 
initial’ velocity uv (fig. I-8.11), 
Its vertical and horizontal 
components are respectively 
u sin 4 and u cos «; the 
former raises m while the latter 


ð moves it horizontally at the 
£ same time. The two together 
2 moye the particle along a 
0 ucosa H 


parabola, 

Let the particle at a given 
moment be at A, at avertical height of h and its vertical component 
of velocity at that instant, v. Then from what we'have learnt before 
(u sin <)* —y? =2gh, from which we get, after multiplying by $m, 

mu? sin*«—4mv" =mgh 

There, the kinetic energy of the particle is the sum of those due 
to vertical and horizontal velocities, namely 

(K.E.)a = dmv" + 4mu?® cos*x 
and (P.E.), =mgh 
So the total energy = 4my* +4mu*® cos*«+mgh 
=(4mv* +mgh)-+4mu® cos*« 
= 4mu" sin*<+4mu® cos*x 
=}mu? = Initial K.B, 
Hence in absence of friction, mechanical energy of a projectile 


remains constant throughout its path, for note that A may be any 
point on it, 


Fig. I-8.11 


_Ex. I-8.10. An upward ‘force of 196N raises a 10 k Sgiict 4 
uniformly through 10m.. Find the work done by the force ae the 
work done against gravity. The work done by the force is mich 
greater than the gain in gravitational PE. Show™ by calculations that 
the law the of energy conservation is quantitatively satisfied here, 

[iE E78] 

Solution : Work done by F=Fxh =196N x 10im= 19603 

Work done against gravity = mgh = 10 kg x 9°8 m/s? x 10m=980) 

The latter work gets stored up in the body as its P.E. 

As F4 (196N,>mg | 98N) the body gets‘an upward acceleration, 
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The “upward “resultant force F, ~F—-mg=196-—98=98N, and 
upward acceleration a= F,/m=98N/10kg=9,8 m/s? 

As the body starts from rest with this upward acceleration its 

velocity at a height of 10m is 
v9 = 2gh=2x9.8 x 10=196 m?/s? 

Hence K.E. there is gmv*=4x 10kg x 196 m3/s* =980F 

Thus at a height of 10m, K,E.+P,E =980 +980 = 19603 

ie, there being no change in energy the conservation principle 
holds, i 

Problem: A balloon full of hydrogen rises with increasing 
velocity, Thus with height bothits K.E. and P.E, increases How 
is it consistent with conservation of energy principle ? [d. E.E. ’84] 

{ Hint: The force.of buoyancy Vg..( Paip —Pnyarozen ) Provides it 
with an upward force greater than the weight ( VPaip g) of the 
balloon,] 

1-810. Gravitational P. E. is independent of Path. Let a particle 
be taken from A to B (fig, I-8,12) in, the earth’s, gravitational, field 
along _ ACDB. and. it gains in. P,E, Let 
CD represent a very . small , displacement 
along this path. . Then as. for, an. inclined 
plane, work done on m in shifting „it, from 
C to D_ against. gravity is. m,g.sin.@,CD. 
=mg, CD sin 6=2mg.DG=mgEF, , Then the 
total work dune on m, in moving. it from 
A to Buwill be Se simo diame ZEF =m 
AB=mgh. So work done is independent of 
path in thë gravity field, provided the initial 
and final points are at the same level 
difference, 

We have seen the same, when a body is raise} along an incline, 

If A is above B the same argument applies, only in this case work 
is done by gravity. 

It therefore follows that if a body is raised from one point to 
another and then returned to the initial point then the change in 
„gravitational potential ie. the total work done is zero, Hence the 


Fig, 1-8,12 
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grayitatioņal force, (or, gI said to, be conservative, provided there 
is no friction, 
Remember (i) When a body falls made gravity, the work done is 


negative ; ; “the body moving in the direction of force, work is done; 
by gravity. 

(ii) When _a,body is raised, PEA ER occurs against, gravity’ 
and work done is positive. 

(iii), Change in potential energy, with raising a body, occurs for 
the earth-body system. For, with raising of the body, the earth also 
gains in P.E, though that is very small, Potential energy. is, the 
common property of the raised, body and the earth, 

(iv) Gravitational potential energy may be considered negative 
when a body falls below the ‘accepted arbitrary zero level. We shall 
seein Chapter Il-1 that the force of gravity being attractive the 
potential at any point on or above the earth is —ve, it being zero at 
infinite distance from, the center, of the earth, 

18.10. Elastic Potential Energy: In winding up a watch or @ 
clock, in shooting an arrow from a bow ora stone from a sting, in 
compressing or elongating a spring, you bring about a deformation of 
the body concerned, This is ‘to be done against the inherent elastic 
forces of stress (§ II-3.2) and you ‘have to do work. THIS’ work 
remains stored up in the Straihed body as its elastic potential energy, 
On removing these deforming fotces, these bodies ‘Telease this. energy 
to regain their original condition or, configuration and hence do work, 
That is how a watch or clock-hands < ‘are made to move, the arrow or 
the ston> gain energy for motion, the spring vibrates, 

If we elongate a spring the force, opposing it is, proportional to.the 
elongation. The force required to produce unit elongation, is called: 
its spring constant or force constant (K), Thus if a spring is elongated, 
from /, to Ja, the force opposing that, rises to K(/,—1,) from zero. 
So we take the ayerage force to be 4K(I,—I,). Hence work done on 
it and the potential energy gained thereby i is 

e. E)Elastic= Force x distance = KI, -a X (la. - h)= iKi, i Bs 

Q. Tro springs have their force, constants as K, and KK. > Ka): 

On which spring is, more, work done (i) whea lengths, are increased. 
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by the ‘same amount, (ii) when tbey are stretched by the 
same force? [ Ans. (i) First spring ; (ii) Second spring J] 

1811 Transformation of energy. A falling body provides a 
Very simple example’ of transformation of energy ftom one form iato 
another, where potential energy ‘changes into the’ kinetic form, A body 
projected upwards ‘shows the reverse transformation, THere are 
Various’other forms of energy uch ‘as thermal, ‘electrical, magnetic, 
cheimidal fe, When we look carefully into ny natural event we find 
thie it 18 Hothinie’ but a transformidtton of energy from one form into 


another. 
When we rub our hands together, heat is developed. Here 


mechanical enefgy “is converted into Heat, A steam’ éngine converts 
the heat energy obtained by burning coal into mechanical energy, 
When a closed coil ôf wire is rotated by mechanical means near 
a strong magnet, electricity flows through the coi!, Mechanical energy 
has bzen converted into ‘the electrical form, “When an electric 
current passes through an electric motor, as in our electric fans, of in 
tke motors of tram cars, the’ spinning of the motor illustrates 
conversion of electrical energy into mechavical energy. Examples 
of this kind: may be multiplied without limit. 
Note that the sun is the ultimate source of energy for all changes 
‘on the earthy Light and heat energy from the sun are necessary for 
the germination and growth of plants, Animals depend for their food 
on plants, Coal, one of our main’ sources of energy, represents stored 
up sunshine of far-away geologic ages. Oi), another important source 
of energy, is supposed to have been derived from the bodies ‘of mirute 
organisms’ which lived-aeons ago, The water-cycle, essential for life 
on earthy is* maintained by the solar heat, Recently, we have 
hathessed atomic energy, which is independent of the solar energy. 
Conservation of energy. In all examples of transformation of 
energyit is to be noted is that no body orsystem of bodies. can acquire 
energy except at'the expense of energy possessed by other bodies, 
Eaefgy is never obtained from anything that is not energy, flor 
tured into’anything' that is not energy, “Eaergy can only ‘change 
siform; of pass from one body into’another, Whenever one system 
loses’ energy, another system’ gains it. Wherever medsurement is 
Possible’ it found that the Loss of ehergy of one system is exactly 
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equal to the gain in the energy of the other. Hence we believe that 
energy is an entity of nature which is conserved , The law of conser- 
vation of energy may be stated as follows ; i 

Energy can neither be created nor destroyed... Hence the total 
amount of energy in the universe remains constant. 

A. system of bodies whic’ can exchange energy only among: them- 
selves, no energy leaving the system nor any energy, entering it from 
outside, is an isolated system, The principle of conservation of energy 
may then be stated as—the total energy ofan isolated system 
remains constant. 

The law was first formulated by the German physicist Robert 

» Mayer in 1842, and was firmly established. by Helmholiz a fellow 
German, It forms) the: foundation on which the whole structure of 
physical science has been built, Since 1932 it. has been- definitely 
„established that energy can be converted into matter and matter into 
energy, The Frenchman Lavoisier in 1774 had enunciated that matter 
ean neithec be created nor destroyed, The laws of? conservation of 
energy and of matter, therefore, become one, as Einstein had predicted 
(1905)iin his equivalence relation E=me?, 3t 

The law rules out the possibility of constructing a machine that 
will return: more energy than.is given to it, ie, a machine* that will 
create energy. The continual operation of a machine which creates 
its own energy is, called “perpetual motion of the «first: kind, © The 
principle -of conservation of energy states that such»perpetua! motion 
is a delusion, Physically, every change has to be.-paid for in, terms 
of energy, , 

eI-8.12. Dissipation of energy. » Whenever energy is:transformed, 
there is a loss.of another kiud, though none is destroyed, ss When 
a machine runs, energy has to. be supplied -toit and it\does work, 
The effective work that it does, is always less:than the work supplied 
to if, ie., the output is always less than the input.. ‘Part of the energy 
Supplied to it leaks away due to friction etc,, mostly in. the form. of 
heat, and seryes no useful purpose, It must be noted that the loss is 
not in the total energy but in the ayailablity or usefulness of some of 
it, Lord Kelvin was one of ihe first to recognise the general principle 
that whenever energy is used or transformed. some of it leaks away out 
of our control and becomes for ever dissipated and unavailable. This 
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a ‘statement is the principle of dissipation of energy. Dissipation 
cannot be. avoided, It .is thus not.only impossible'to construct a 
machine that will create its own energy but it is also impossible to 
construct a machine that will return in useful form all the energy put 
into it (perpetual motion of the third kind is impossible.) 

Work done against Friction: The most important agent for 
dissipation of energy is friction and it is ever present opposing motion 
and producing loss of, mechanical energy, Because of friction 
mechanical energy is. not conserved ; what we have discussed above 
about conservation, are simplified idealised cases, 

You throw. a. ball -vertically upwards ; it will be resisted by a 
downward resistance ; when it descends it will again be resisted, but 
this time upwards, This cuts out the maximum height of ascent H, 
leogthens the time 7 to reach it and lessenes the energy with which 
the ball returns to hand (Is the time of ascent still equal to that of 
descent? Why?) For the projectile also, the time of flight is 
lengthened and range shortened, The swing of a peadulum becomes 
progressively shorter, ultimately it stops, Output from a machine is 
always less then the input of energy. 

To investigate the effect of friction on motion we choose the case 
of a weight mg slip- 
ping down a rough 
incline ( fig. 1-8.13 ). 
As we have seen 
earlier ( fig, 1-4. ) 
three forces are rele- 
yant—mg sin 0. down 
the incline, the reac- 
tion R=mg cos@ 
acting . perpendicular 
to the surface and frictional force MR up the incline, Let the mass 
start moving from A from rest and reach B covering a distance S$. It 
slides under a constant resultant force 

F=mg sin @—PR=mg (sin 6 - & Cos 0) 
The velocity it gains at B is y* = 2/S=25 (g sin 9—Pg cos 6) 
(K.E.), =mg (S sin 0- pS cos 0) (1-8.12.1) 


Fig. 1-8,13 
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(P-E) y= ing (1+ hi)=img (h —Sisinie) (1-8,12.2) 

s. (Total energy’, me (h >S sin 6) +-mg (i00 = # ‘cos 0S 

=mgh — mg cos 0.8 
=mgh—uRS (18,12,3) 

Now RS represents the work done against friction and the total 
energy at B is less than mgh by just that amount, So energy dissipated 
‘nto’ heat because of friction amounts to umg cos 9.5. 

‘Friction and Work-energy Principle: In eqn 1-863 we had 
established the energy-work relation in ‘presence of friction ‘but ‘for a 
horizontal motion. If we consider‘a rovgh’ su:face up which a body is 
‘being dragged by an. external’ sgent applying a‘constant inclined force 
F fig 18,44) greater than friction force wR, then it passes) the: point 


SNORMAL 


ROUGH SURFACE 


REFERENCE LEVEL 


Fig. I-8.14 


A at a height y, witha velocity u and the higher point ‘Bat y, with 
a greater -velocity-y ; then-we have j 

gain in K E.=4m(v? =u") à T ; 

gain in PE =mg'y,—-¥o) and work done against friction = 2f WR dS 


So the total work done = "5 


B B 
{ F cos AdS = ¥/mv? — tmu*)+(mgyy—mey1)+ I MRdS (1-8,12.4) 
i A 


pela ae 
* For the inquisitive student, 
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where isthe angle-between:the direction of force F and tangent to 
odS, the smal displacement containing the:point C, Thus 

Total»work'done bythe external agent='Change in KE. 

4 Change lin PIE; P work’ done against friction 

Or Wy Slk, KU Ve (18:12 5) 

(ii), If there is no friction Wy = 0, Then 

Ky=(Kg—Ki)+.\Va- i) 
Thus the work done by the outside agent is equal to the total 
change in mechanical energy. 

‘If the moticn is on a horizontal frictionless plane Wy =K,-K,. 

(iii) Without an outside, agent Wp is zero. Andif)there is no 
friction, Wy.is.also zero, , Then 

Om(Ky Kat KaKa), 
or Kit Vr Kat Vs: : 

i.e. in absence of friction and of an outside “agent “applying a 
force, the motion will be such that the sum of the kinetic and 
potential. energies! remains,,constant.,. This, is the. principle of 
conservation-of mechanical energy- i 

(iv) When. friction,is ‘present, but no/outside agent is doing, work, 
part.of the mechanical.energy is wasted in. doing: work against friction. 
This work appears as heat at the points of contact, The. total 
mechanical energy diminishes gradually. 

(v) If the outside agent lifts the body wt constent velocity against 
igravity, then a 

IW 5V3 y. 


This means that the \workedoneiby the outsideiagent is equalito the 
increase im gravitational potential energy of the body. 

Ex: 8:41, 4 mass of lg slides down an incline of 60° to the 
horizontal against.a frictional force of 0:2R through: a:distance of 1m. 
Find its acceleration.and change in the sum of K.E, and P.E. ooi 
_ . (EE. 82] 

Solution; Change in the sum of KE. and PE.=Loss of 
mechanical energy = Pg cos 0 S=02x1x980x} Xx 100 = 9800 ergs. 

Its sliding acceleration f=g sin 0 — ug cos 0 

=g (sin 60 — 0'2 cos 60°) 
=0°76g cm/:*. 
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1813: Conservative and dissipative forces. When an: outside 
agent lifts a body vertically he.does work, The work done is equal 
to the increase in gravitational potential energy of the: body. Such an 
ageat also does work when he pulls the body along a rough horizontal 
plane ; but here the potential energy of the body does not increase. 

The reason for this difference can be understood if we consider 
what happeas when we restore the body to its initial position, In 
being lowered, ihe body can do work at the expense of the gravita- 
tional potential energy it had acquired. The amount of this work 
is, in the ideal case, equal to the energy it had gained. So, in this 
ease the work spent on the body in lifting it, is recoverable. 

In the other case, when we reverse the motion of the body to 
restore it to its initial position on the rough surface, the force of 
friction is also reversed, So, the same'work is done against friction 
during the return motion as in the forwird motion, This work is 
not recoverable. 

We may express the difference in another way also! Ta the first 
case’ (case of gravity), as much work’ will be done by the body in 
falling from a level A to a level B as will be done on it in lifting it 
from Bto A, Tn siill other words, tota! work for'a round trip is zero. 
But not so in ‘the presence of friction ; work is done by the outside 

agent for both trips, | 
_ When a force is such that the work done against it is teéoverable, 
if is called a conservative force, In such a case potential energy 
increases, When the ; work done against a force is not recoverable, 
as in the case of friction, the force is called a dissipative force. 
The work done in such a case/appears mostly as heat, 

The mechanical enetey ofan isolated system is conserved oaly 
when all the forces acting.on it are \conservative, When; dissipative 
forces are present as they always are, the total energy of the system is 


„„ „conserved, but not the mechanical energy, Some of the latter is 
generally converted into heat, 
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1-1. [ Kinematics | 


[A] Essay type questions : 


1. What:do you,mean.when you'saya\- body is zat ‘rest? or im 1 


‘motion’.7 Why. is ‘rest?-or ‘motion? considered relative.p. í 

2. Explain the term ‘acceleration’ with suitable’ examples, 
Establish the equation y=" at algebraically, and graphically. 

3, (i) Distinguish between speed and velocity. 

(ii) “Dintinguish between ‘average value’ and ‘instantaeous value’ 
of a quantity, When'are they the same'p Which one is more important 
in the laws of mechanics ? w 7 

4, What is; meant by a reference frame 7. What are space co- 
ordinates ? / : ; s å 

5, Derive the equations S=ut + ja and y* ~u? = 2aS, algebrai- 
cally and graphically, clearly explaining the meanings of the symbols, 

6. A particle has an initial velocity and a, uniform acceleration, 
From the time-velocity graph how can Yr far Yes (a), average, 
vapaja (b) the distance travelled ina given time, Also explain,how 
can "you obtain the insténtancous Velocity t, Ox 
[ B] Short answer type questions : K 7 

7. Why is.‘time’ mentioned, twicedn the unit of acceleration 7 

8. What is the difference between the distance travelled in t 
seconds and that travelled in the t-th second 7 font Leste 

9, - When, the velocity, is constant, does the ayeri ge,;-velocity over 
any, time interval, d Be from the instaijaneous xe ity at any jastant ? 

10, © The initial velocity, ofva:body is wand the final velocity is 
v, If the average velocity. is (u+y)/2,, can the acceleration .be 
varyi : 5 R 
11. Does the speedometer of an automobile register speedy 

12, Whathappens to ou kinematic, equations under, the operation 
of time reversal, that is, replacing t by—t? 

13, Can abody have. (i) an acceleration with zero velocity p 
(ii) velocity, without acceleration 7 (iii) an acceleration. ifits, speed 
is constant, (iy) constant, velocity»: andi. still: varying, speed 
(v) , constant speed and still a.varying velocity, fi i i y 

14, Cama body have a northward velocity while experiencing a 
southward acceleration 7 

15, Can the direction ofithe:velocity of a body change. when. its. 
acceleration is constant? i 


á) 


O 
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16. A man goes round a circular garden of perimeter 100 m and 
comes back to the starting point, Whatis his displacement 7 


17. What is the nature of the motion expressed by the equation 
S=S,+ut+ Jat? p 

18. A train is moving along a striaght track, Explain what would 
be the nature of its velocity-time‘graph in the following ‘cases—(i) It 
‘is moving with a-uniform acceleration, Its acceleration is (ii) increa- 
sing, (ii), decreasing 7 i 

19, Aman standing on a tower throws aball straight up with- 
initial velocity u, He throws another ball down with the same 
velocity, Which of them strikes the ground with greater velocity 7 

20,. A manon the observation platform of a train moving with 
constant velocity drops a coin while leaning over the rail. » Describe 
the path of the coin as seen by (i) the man on the train, (ii) a person 
standiag near the track, (iii) a person in a second train moving in 
opposite dircetion to the first train on a parallel track. 


ya lara | a particle is released from rest with a constant acceleration 
a, then according to the equation of motion it is at a distance s at two 
different times 4+ /25/7 . What is the’ significance of the negative 
root? When can it happen ? 

22. The velocity-time graph of a.particle is a straight line parallel 
to the time axis. What would be the time-displacement curve 2 

23. The time-displacement curve of a partcle is a straight line 
parallel to the time-axis, What do you guess about its velocity 7 


[C] Numerical Problems : 
24. Aparticle ‘moves with’ an acceleration of 5 crn s=," If its 


nitial velocity is 100 cms=*, What ‘will be’ its’ velocity afler 20 s 
iHow far will the particle move in that time p-(200 a 30 m i 


) 25, pr car hong Dire . 20 ms-*, Tt is decelerated at 
ms~*, How far will it move before stoppi ill i 
a ee ore stopping and how long will it 
What would be the retardation ofthe car’ if it is to be 
in (a) one-fourth the distance, (b) ` one-fourth the time, fre 
[4 s,40 m, 20:ms~? in both cases J 
26. Two particles move along the x-axis thiform it 
of 8 ms-* and 4 ms-?, At the’initial moment the first fon ors 
to the left of the origin and the second 7 m to the Tight of the origin 
When will the first point catch up with the second ? Where will this 
a ? [7s, 35m] 
27.. A: car left a city. travelling uniformly at a speed of 
80 km h-1, It was followed 1°5 hours Jater bysa motor cela 
speed was 100kmh-1, How much time passed after the car left 
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the city before'the motor cycle caught up with it p “Where did.’ this 
take place ? t i [75 h, 600 km j 
28 ‘A car: travelled the firs: third of a:distance at a spéed of 
10 km ht, theisecond third at 20 kmh-* and the Jast third cat 
60 km h-*, Find the mean speed of the car over the entire distance, 


[18 km h-2 J 
29, A motor-boat travelling upstream met'a raft floating down- 
stream. An hour after; this. the engine of the boat sta'led, It took 
30 miautes to repair it and during this time the boat freely floated 
downstream, Whea the engine was repaired, the boat travelled 
downstream with the same'speed relative to the current as before and 
overtook the raft at a distance of 7:5 km from the’ point where they 
had first met, Find the river current, taking it as constant, 


[3 kmh-*) 


30, An engineer wotks at a plast out of town A car is sent 
for him from the plant every day that arrives at the railway station at 
the same time as the train he takes, Oase day the engineer arrived at 
the station an hour before his. usual time,and without waiting for the 
car, started walking to work, Oo his way he met the car and: reached 
his plant 10 minutes before the usual time.: How long did the. 
engineer walk before he met the carp -u { [55 minutes ] 

31, A train moves 40 km due west and then’30 km due south in 
6 hours, Calculate its average speed and velocity. 

[ 3:24 msr?, 2,31 mst due south of west. J 


32, "A car starts from rest with a constant acceleration of 9 ms"*. 
Find its (i) instantaneous speed at the ead of 10 s, (ii) the average 
speed for a°10's interval and (iti) the’ distance covered in 108 
from rest, 66 (P WY £90 mst t45 ms-+, 450 mJ 

i 


harr t 4 
33,..A train, starting, from. rest, acquired .an -acceleration of 
3 f: s72 ia 6 seconds, Thereafter, the train, moved with uniform 
velocity for half a minute. and applying brakes came to rest in 5 
seconds, Find graphieully the greatest velocity attained by the train 
and the distance covered by it. (Bihar) [ 12'3 mile h72, 639 ft j 
34. A’particle describes 72 cm in the 12th second ‘and 96 cm in 
the 16th, of is motion, Calculate its initial velocity and acceleration. 
How fär will it move in 20 seconds 7 [ 3 cms~?, 6 cm-s~?, 1260 cm } 


35, A man on the road is 9m behind the entrance door of a 
train. when the train begins to take motion from rest, with a uniform 
acceleration of 2 ms~®, The man immediately starts and runs with 
uniform speed to get into the trai, He-is just ableito get in. Find 
the speed of the man. (J-E. E. °72) , 6 ms-* į 


36,°°A particle moving ‘with uniform acceleration described in its 
last second of motion one quarter of the whole distance, If it started ~~ 
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from re»t, how long was it in motion and:through what; distance :did it 
move, ifiidescribed 10 m in the first second? [7:464 s, 557:-Lm)) 
37, -Acbody, moving in a straight line; with: uniform acceleration 
describes;ithree successive, «qual spaces. in time: intervals ty, t, 
and t, respectively... Show that 
8 i AE E 
; fh ote te ctokt ht 
38, A car A is travelling on a straight level roadwith a uniform 
speed of:60 km/hr. It is followed by another, Bp moving at 70 km/hr, 
When: the “distance ‘betweeai‘them: is 2°5 km, the car B is given a 
deceleration of 20:km/hr*, After what distance and time: will B 
catch up withyA p (I, I. T. 786 ) [32:5 km, 05 hr, ] 
39, A body travels 200 cm in the first two seconds and 220 cm 
in the next four seconds, What will be the velocity at the end of 
seventh second from the start ? (CIL LT. 64.) [10 cms? J 


40, Two trains, each ata speed of 30 mi/hr,) move towards 
each other on the same straight track, A bird thatican fly 60. mi/hr 
flies- off one” train when they are 60/miles apart and heads directly 
for the other train. On reaching it, it flies directly back to the first 
train, and”so ‘forth’ Find (i) how'many trips can the bird make 
from one'train to the other before they crash p (ii) What is the total 
distance the, bird travels ọ { infinite, 60, mi:] 

41. A man walking. with a uniform’ yelocity v passes under a 
lantern hanging ata height H above the ground, Find the velocity 
with, which . the edge of the shadow of the man’s head moves, over 
the ground if his height is h, [ Hv(H—h) } 

42,, A car,was suspected to,exceed the speed limit of 30 mi/hr. 
It made\a skid-mark,of 19-2 ft on the pont ake as driver AIR 
an emergency stop. Assuming reasonably that the maximum 
deceleration of the car would not exeeed the acceleration of a freely: 
falling body, inves'igate whether the driver was speeding, : 


[ not speeding, 22 miyhr,} 

43) 0A driver on the average takes 0,7.s ‘to bring» the gar to 
rest after seeing the red signal and applying the brakes, Ifa,car can 
produce ..a, retardation; of 488,ms-*, find the distance travelled 
before, it stops if-it has an.initial speed of 40 km/hr, [8i4m] 
44, A train stopping at two stations 2 miles apart take 4 
minutes, on the journey from one station to the other. Assuming 
that its motion is ‘first-that of uniformacecleration fi and then'that of 


retardation f, ;»show. that ated. 
: gare 
45. Four, points, are at „the, four corners, of a s fsi 
They. Begin, to moye. at, the same time with a constant speedy, Ike 
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first point always moving towards the second, ‘the second towards 
the third etc, Will the points meet and if they do in what time 7 


be. J] 


46. Three ants are located at the vertices of an equi'ateral 
triangle whose side equals |, They all start moving at the same 
time with a constant speed v, the first ant always moving towards the 
second, the second towards the third and the third towards the 


first, How long will the ants take to meet ọ | 
y 

47. At the instant the traffic signal turns green, an automobile 
starts with a constant acceleration of 6fts-*. Atthe same instant a 
truck travelling with constant speed of 30 ft s-* overtakes and passes 
the automobile. Find (i) how far beyond the starting point will 
the automobile overtake the truck and (ii) how fast will the car be 
travelling at that instant 7 { 300 ft, 60 ft s-2 J 


48, A bus is running along a highway ata speed of 16 ms-?, 
A man who can run at a speed of 4 ms“! is ata distance of 60 m 
from the highway and 400 m from the bus. In what direction 
should the man run to reach any point of the highway at the same 
time as the bus or before it? At what minimum speed should he 
run to be able to catch the bus? In what direction ? 


[ between 36°45’ and 143°15!, 2:4 ms-* perp. 
to the initial line joining the man and the bus, ] 


49, A particle moves in a straight line, At a distance x from 

a particular point on the line the velocity of the particle is 
proportional to ,/(a*—x*)/x*, Find how the acceleration vary, 

[-a*/x°,] 


50, A particle starting from rest moves with uniform acceleration 
for a time t,, Then it covers a distance d, moving with uniform 
velocity for time,t,, Afterwards, it moves with uniform retardation 
and come to rest after time ts. Show that the. total distance 
travelled by the particle is 


ti+t, 
ofa ): 


51, The relation between the distances traversed by a body and 
time t is given by the equation S=a+bt+ct* where a=3 m, 
b=2 ms-! and c=1 ms-*, Determine the average velocity and 


21 
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average acceleration of the body during the first, second and third 
seconds of motion, , 5,7 ms? ; 2 ms~? } 

52, The relation between the distance and time is given by 
S=a +bt+ct?+dt3 where c= 14 ms“? and d=01 ms-?, Find 
(i) in what time after mo'ion begins will the acceleration of 
the body be equal to 1 ms"? ? (ii) What is the average acceleration 
the body acqires during the time ? { 12 s, 0°64 m/s? ] 


53, A rocket is fired vertically from the ground with a resultant 
vertical acceleration of 80 ms~®, The fuel is finished in 1 minute 
and it continues to move up. What will be the maximum height 
reached? g=98ms-*, (117.775 ) { 364 km ] 


54, Ifa body falls freely from rest, calculate (i) its acceleration, 
(ii) distance it falls in 4s, (iii) its velocity after falling 90 m, 
(iv) time required for its veloity to become 98 ms-*, (v) time of 
fall through 44°1 m, 

LG) 9:8 ms-*, (ii) 784 m, (iii) 42 ms, (iv) 10 s, (v) 3 s.] 

55, Astone is projected vertically upwards with a speed of 
30 msi from a height of 40m, Find (i) the maximum height 
attained, (ii) the time required to strike the ground, (iii) the 
speed with which it strikes the ground, 


(Gi) 859 m, (ii) 7:24 s, (iii) 41 ms“4, ] 
56, A body is thrown vertically upward with a velocity of 100 


fts-1, When will it be at a height of 80 ft from the ground ? 
Explain the double answer. ( g= 32 fts,*) [ 0.94 s and 53 s J 


57, A stone is thrown horizontally with a speed of 400 ft:-* 
te the top of a house 400 ft high, When and Ghote will it strike 
the ground 7 {5s later, 2000 ft away ] 


58. A stone is dropped from a height of 196 What 
dist i ee a enoa na aeina 
g e it falls during (i) the first 0-1 s, (ii) the last 0'1 s of its 

How long does the stone take to travel (i ii 

(i) the first metre, (ii) the 

ee P [49 cm, 19 m, 0°45 s, 005s] 
stone is dropped from the top ofa tower 90 m high and 

at the same time another stone is jirdjecied vertically aarde trod 
the foot of the tower with a speed of 30 ms-2, When and where will 
the stone pass each other 7 [3 s, 459 m from ground ] 


60, From the top of a tower, a stone is thrown yerticali s 
with a velocity of 30 ms~* and 4 s later another stone 4 ee 
from the same point. Both the stones reached the ground 
simultaneusly, Find the height of the tower and the time of fall of 
the second stone, [80 m, 4s] 


61. A stone is dropped from a b-:lloon at an altitude of 300 m. 
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What time is required for the stone to reach the earth if the balloon 
is (i) stationary, (ii) ascending at 5 ms-?, (fii) descending 
at 5 msi“? [78 s, 8.4 48, 7°38 ] 

62, A stone -dropped from a balloon strikes the  earth’s 
surface in 30 s, Find the height of the balloon (i) if it is at rest, 
(ii) if it is ascending with a constant speed of 100 cms-1, when the 
stone was released. ( 4410 m, 4380 m J. 

63. Two stones are projected upwards simultaneously. One 
ascended 112 ft more than the other and reached the ground 2 s later, 
Find the yelocities of projection of the stones. [ 128 fts~1, 96 fts~ J 


64. A lift is ascending with an accelration of 2m -*. When its 
velocity is 8 ms~1a piece of iron from the ceilling of the lift falls, 
If the ‘height of the lift box bs 3 m, find the time after which the 
piece will reach the floor of the lift, What heigùt will it rise or fall 7 

(g=9°8 ms-* ) [ 0°7 s, 3'2 m rise, | 

65, A store falling from the top of a tower has descended x ft 
when another is Jet fall from a point y ft below the top If they fall 
from rest and reach the ground together, show that the height of the 
tower is (x+-y_/4x ft, 

66. A wooden block of mass 10 g is dropped from the top of a 
cliff 100 m high, At the same time a bullet of mass 10g is fired 
from the foot of the cliff vertically upwards with a velocity of 
100 ms-t, When and where will they meet If the bullet after 
striking the block gets embeded in it, how high will it rise above: the 
cliff before it starts falling ? (IL, T. °73) { 1s, 95:1 m, 71:55 m] 


67, The acceleration due to gravity at two places are g, and g, 
From ‘same height at two places if a body be dropped, it takes t s less 
to reach the ground in the second place than the first but the velocity 
on reaching the ground in the second place is greater by v than in the 
first place, Show that g,g,=v?/t*. 


68 A juggler is maintaining four balls in motion, making each in 
turn rise to a height of 90 cm from his hand With what velocity 
does he project them and where will the other three balls be at the 
instant when one is just leaving his hand 7 

[ 420 cms-2 ; 67°5 cm, 90 cm, 67:5 cm. ] 

69, A block of ice starts sliding down from the top of an inclined 
roof of a house, inclination being 30° with the horizontal, along a. line 
of maximum slope. The highest and the lowest points of the roof 
are at heights of 8'1 m and 5'6 m respectively from the ground. At 
what horizontal distance from the starting point will the block hit the 
ground? (1. I, T. ’72) [9m] 

70. Water drips from the nozzle of a tap an to the floor 3-24 m 
below, The drops fall at regular intervals of time, the first drop 
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striking the floor at the instant the fourth drop begins to fall. Find 
the location of the drops when a drop strikes the floor. 
[ 324, 1-44, 0-36, O m from the top } 
71. A rifle with a muzzle velocity of 1500 ft s71 shoots a bullet 
at a small target 150 ft away. How high above the target must the 
gun be aimed so that the bu'let will hit the target 7 {19 in} 
72. A dog sees a flowerpot sailing up and then back down past a 
window 5 ft high, If the total time the pot is in sight be 1 s, find the 
height abcye the window where the pot rises. ( py ft.) 


13. The acceleration of a body is given by a= 2th, Find (i) 
instantaneous velocity after 4 sand (ii) distance travelled after 4 s. 
[ 10°66, 17:06. } 


74, A bullet fired into a target loses 4th of its velocity after 
penetrating x metres into the target; how much further will it 
penetrate (o=1)", 

l Es | 

75. A particle moves along a straight line, and at a distance x 
from a fixed point O on the line its velocity is ,/C=x Prove that 

ys yu = ‘ov 


es sree ar trae towards O and is inversely proportional to 
.16, A particle moves from rest at a distan Cc 

point O, with an acceleration y/x* away from Oat aa 5 

Show that its velocity when it is at a distance 2C from O is JEC 


17.. A particle of mass m moves i i 
in a straight li 
fete = erte a fixed point on the line when 93 oo 
rhea we is initially projected with a velocity v towards the 
po’ a distance a from it, prove that it reaches ihe point after a 


time j- tan™I (najv), 


78, The distance between ions is 1° 
half of the distance is covered Bre ttle wit a eee ooo 
and the second half with uniform retardation, The m acceleration 
of the train is 50 km/hr, Find (i) the accéleration token ec 
numerically equal to the retardation, (ii) the time tie yee 
train to travel between the Stations, ~ [013 Mae aie nin} 
3: 


79. A body moving with a uniform as velociti 
20 ms-* and:30 ms-* when passing two peti a Binds ar 
velocity midway between the points, [255 mea 
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83, Drops of water fall from the roof of a building 16 m high 
at regular intervals of time, the first drop reaching the floor at the 
same time the fifth drop starts its fall, Find the distance of the 
individual drops from the roof in the air at the instant the first drop 
reaches the earth, [1 m, 4m, 9m, 16m, ] 


1-2, [Vectors} 


{A] Essay type questions : 
1, What is a vector quantity 7 In what way is it different from 


a scalar quantity? Give 3 examples of each, 

How can a vector be represented by a line segment p 

2. State the law of addition of vectors, How can one vector 
be subtracted from another 7 Draw diagrams, What is meant by 
the principle of independeace of vectors 7 

3, Vectors P and Q are inclined to each other at an angle 0. 
Find their resultant. ( Give both the magnitude and direction, ) Find 
also the magnitude of their difference, and also its direction, What 
will be the result if the vectors are mutually perpendicular ? 

4, What do you mean by resolution of a vector p How will you 
resolve a single vector in two mutual perpendicular components 7 
When is the resolved part the same as the componecat in its 
direction 7 

5, Explain the composition of a number of vectors by (i) the 
process of resolution and (ii) the polygon rule, 

6. What is relative velocity? How can you determine the 
relative velocity of two particles when (i) they are moving along the 
same line, (ii) moving along two different lines p 

7, How can you represent a vector by co-ordinates in a three 
dimensional space p Discuss the method of finding the resultant of 
two yeciors by this method, 

(B) Short answer type questions : 

8. Does it make any sense to call a quantity a vector when its 
magnitude is zero ? 

9, ‘Can two vectors of different magnitudes be combined to give 
a zero resultant 7 Can three vectors 7 

10, Can a vector be'zero if one of its components is not zero 7 
11, Is the value of a Scalar quantity dependent on the reference 
frame chosen 7 
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12, Is time a vector quantity p If not, why not p 
13, Can a scalar product be a negative quantity 7 
14, Can the of ihe resultant of two vectors be 
- smaliet than the magnitude of either 7 
I5 Can a vector have a component at right angles to itsc!f p 
16. Work is the product of force and displacement of the point 
of application of force, Both force and displacement are vectors, 
Is work then a vector or a sca'ar p 
17, During the the rain drops falling vertically appear to 
come down obl aay person sitting in a running train, Explain, 
18, A schoolboy holding an umbrella runs with a velocity 
equal to that of the rain falling vertically, At what angle should be 
hold the umbrella in order to protect himself best p 
19. Drops are falling vertically in a » rain, Tn order to 
be through the’ la from one place to aerate 
to encounter the least number of rain drops, should one move with 


21, An elevator moves with an acceleration f. A 
“a cois, Find the accelerstion of the coin with mignORDT Oe moe 
hp grka the tift is going wp (ii) going down, 
y Show that the instantaneous acceleration at in th 
velocity-time grap’ equals the slope of the tangint tet oh Me 


23, What is the between two vectors so that the resultan 
yý Yu cow com e seems 90", 60" | 


25. In the paraliciogram AECD, 280, 38 =, Find %, is 


“aagth of z$. a 
25 ifte of : 
Pier ae 


vectors paral el to the axes of iad 
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vector Pis the resultant of two vectors ¥ and Y which 
30° and 60° respectively with P on opposite sides, Find 
[ 0866P, 05P) 
the horizontal force and the force inclined at 30° to the 
vertical, where the resultant is a vertical forse of X N. 
(x) J3N, 2X/ JIN J 
31, If the resultant of the two forces is equal in magnitude to 
one of them, and perpendicular to it, fiad the magnitude and direc- 
tion of the other force [ JJ times the other force and lnejpet to 
> toi.) 


33. A boat is towed by two ropes, cach inclined at 30° to the 
stream, but on opposite sides of it, Ifthe along cacti rope is 
$0 kg-force, find the magaitude and direction the resultant, 

[866 kg-force, 30°} 

34, Two equal forces inclined at 60°, act on a particle, Resolve 


the forces ihe bisector of the included angle and perpendicular 


included angle. ) 


force. (514 gf making an 
angle of 675’ with the frst force, } 
at 


. Pind the 
fare a omttient Pres 


i 
pe 
Tsa 


(0%, 62542, 90°, 13148180.) 
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been carried away by the stream. What was the velocity of his 
walking if both the swimmes reached the destination at the same 
time? Given that the stream velocity is 2 km/hr and the velocity 
of cach swimmer is 2 5 km/hr, [3 km/hr, } 


39, Two forces Pand Q acting at a point have a resultant R 3 
if Q be doubled, then Ris doubled, Again if Q be reversed in 
direction then also R is doubled. Prove that P:Q:R= /2: 
WS he Vie pe 

40, A man rows directly across a flowing river in time t,, rows 
an equal distance down the stream in time t,. If u be the speed of 
the man in still water and v that of the stream, show that 


ti: ta= Ju+v: Ju—v. 


41, Ona rainy day when a man is walking at the rate of 4 miles 
an hour, he is struck by the rain vertically and when he increases his 
velocity to 8 miles an hour, the rain strikes him at an angle of 45°, 
Find the magnitude and direction of the velocity of the rain, 


[ 4 J2, 45° with the vertical, | 


. 42, A ship steams due west at the rate of 15 km/ar when the 
river is flowing at 6 km/hr due south, What is the relative velocity 
of the ship to that of a train Tunning due north at 30 km/hr, ? 


[ 39 km/hr ; in a direction east of north at an angle of tan-1 f. ] 


_ 43, A river 240 m broad is flowing at 1:8 km/hr and a s 
witamer who can swim at 3-6 km/hr wishes to reach a point 
Just opposite. Along what line must he strike out and how 
long will he take in reaching the point ? 


[ 60° with the bank, 4:62 min, ] 


44, A steamer is _ going due north with a velocity V, the smoke 
from the chimney points 6 degrees south of east, If the wind be 
coming from the west, find its Velocity assuming that the smoke loses 
the velocity of the steamer as soon as it leaves the chimney and moves 
with the velocity of wind, [ V cot 6, J 


the rate of collection of water when the velocity of wind i 
ms~* in a direction perpendicular to V p Yicohi wind is: W 


(J, E. E. 82) [ No change. ] 
46. A steamer is travelliog due east at a rate of i 
A second steamer is travelling at 2u mi/hr in a direction S Rake 


east, and appears to be travelling north-east to a passen; 
first steamer. Prove that 9 =} sin“! 3/4, 3 oo Ra 


1-3 [Newton’s laws of method] 


{A] Essay type queitions : 

1, (a) State and explain Newton's laws of motion. 

(b) Give examples of inertia of rest and inertia of motion, 

(c) Establish the equation F=mz2, explaining the meanings of 
the symbols. 

2, (aù ‘Newton’s first law introduces the concepts of inertia and 
force’—Explain the statement, 

(b) Explain the statement that Newton’s second law indicates 
how force and inertia can be measured, What is inertial mass 7 

3. Explain the terms dyne, newton, gram-weight, kilogram- 
weight, What symbols do you use for them? Express the last 
three quantities in dynes Take g=980 cm-’, 

4, What do you understand by the impulse of a force and an 
impulsive force ọ Find how impulse and momentum are related, 

5, State the principle of conservation of linear momentum, 
and explain how can you arrive at it from Newton’s laws, 

Give three examples of conservation of linear momentum, 
Discuss the motion of a rocket on this basis, 

6. What is an elastic collision? Establish the momentum and 
energy equations for an elastic collision in a straight line, 


[B] Short answer type questions : 


7. ‘Newton's first and second laws relate to the same body ; but 
the third law introduces another body’, Explain this statement with 
examples, 

8. Ifaction and reaction are equal and opposite, why should a 
body move at all under the action of a force 7 

9. If we accept the principle of conservation of momentum as 
a basis, we can get Newton’s first law from the third, Can you say 
how this can be done 7 

10. A passenger sits in an aeroplane, State the conditions in 
which the action and reaction between the two will be (i) equal to 
the weight of the passenger ; (ii) greater than the weight of the 
passenger ; (iii less than the weight of the passenger ; (iv) zero, 

1i, A boy sitting in a railway compartment moving with a 
constant velocity throws a ball straight up into the air Will the bal! 
fall (i) behind him (ii) in front of him (iii) into his hands? 
Explain your answer, If the train accelerates while the ball is in 
air, what happens to the ball p 


290 MECHANICS. 


12, A mass is suspended by a thread X. From the bottom 
of the mass, another identical thread Y is fixed, If a steady pull 
is applied at the end of the thread Y, the thread X snaps. But ifa 
jerk is given, the thread Y breaks, Explain with reasons, 


13, We fall forward when a moving bus stops and fall backwards 
when a bus starts moving, Why 2 

14, A meteorite burns out in the atmosphere before it reaches 
the earth’s surface, What happens to its momentum? To its 
energy ? 

15, Can a boat be propelled by air blown at the sails from a 
fan on the boat 7 


16.. Why is it easier to pull a roller than to push it 7 


17. Reconcile with the conservation of momentum the cases of 
(i) a handball bouncing off a wall (ii) a body falling freely. 

18, ‘A system of unbalanced forces produces acceleration while 
a system of balanced forces causes deformation’—Explain the 
statement, 


19, Show that the Newton’s first law of motion can be derived: 
from the second law, 


20, ‘Mass is a measure of intertia of body’—Explain the 
statement, 


21. Distinguish between elastic and inelastic collisions, 


22, A bird is in a wire-cage hanging from a spring balance. 
Is the reading of the balance when a bird is flying about (i) greater 
than, (ii) less then or, (iii) the same when the bird sits in the cage ? 


_ 23, A man standing on a large platform of a spring. scale notes 
his weight, He then takes a step on this platform and the scale 
reads less than his weight at the end of the step, Explain, 


24, A monkey and a mirror having the same mass are hanging 
at the ends of a rope passing over a pulley. both at the same height 
with respect 10 floor, „Can the monkey get away from his image 
seen in the mirror by (i) climbing up the rope ? (i) climbing down 
the rope? (iii) releasing the rope ? 

25, According the Newton’s law, only an outside force impressed 
by another body can alter the state of motion of a given body, 
Then what outside force brings a car or any other self-moving 
vehicle to a stop under braking 7 


26, Jet planes generally fly at higher altitudes whil Jl 
planes fly at lower altitudes, Why 7 $ t LI T6] 


27. Two men stand facing each other on two boats in still 
water a short distance apart. A rope is held at its ends by both. 
The two boats are found to meet always at the same point whether 
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each man pulls separately or tog:ther: Why? Will the time taken 
to meet be same in both cases 7 

28, Two teams having a tug-of-war must always pull equally 
hard on one another. The team that pushes harder against the 
ground wins. Explain. 

29. How would you choose the relative masses of a target 
particle, and a probe particle, so that the target particle should 
recoil with i) the greatest speed (ii) greatest momentum 
(iii) greatest kinetic energy. 

30, Two balls of different masses have same Kinetic energy. 
Which ball will possess greater momentum ? 

31. Apply the laws of conservation of energy and momentum 
to show that for elastic collision of a body of mass M with another 
of mass KM, the energy lost by the former for a head-on collision 
is a maximum when K = 1, [0 BE. 779 y 

32, Why an athlete in the long jump or high jump even‘ always 
runs through a little distance before jumping ? 

33, It is not possible for a person sitting on a chair to lift the 
chair by its handle unless he lets his feet touch the ground, Explain, 


34, Why isa man hit harder when he falls on a paved floor than 
when he falls on soft earth from the same height 7 

35. When a man jumps from a certain height, he feels more 
pain if he does not flex his knees on landing then when he does, 
Why 7 

36. Can a man sitting inside a car move it by pushing. it 
from inside 7 

37, When a body falls freely in air, it is weightless—Explain, 

38, Two identical weights are connected by a spring, At the 
initial moment the spring is so compressed that the first weight is- 
tightly pressed against the wall and the second weight is retained by 
stop. Describe the motion of the system when the stop is removed, 

_ 39, Let the only force acting on two bodies be their mutual 
interaction, If both the bodies start from rest, show that the distances- 
each travels are inversely proportional to their respective masses, 

40, How could a 100 kg object be lowered from a roof using a 
cord with a breaking strength of 87 kg without breaking the 
rope ? 

41, Explain why the load on the back wheels of a motor car 
increases when the vehicle is accelerating. 

42, Before the start of a race, each runner has momentum. which: 
differs from that which he has during the race, Does this represent a 
violation of the law of conservation of linear momentum 7? 
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43. A- man in a boat facing the bank with its stern walks to the 
bow. How will the distance between the man and the bank change 7 


44, Is those any force acting on a vehicle when it is moving 
with uniform velocity on a rough road-p 

45. In a tug-of-war, should all members of a team pull ina 
straight line or zig-zag fashion? Explain your answer, 


46. ‘To clean garments of dust particles, it is suddenly set into 
‘motion’—explain why 7 

47. In which case the tension in the rope will be greater (i) two 
forces of magnitude F is applied in the opposite directions (ii) one end 
is tied and a force of magnitude if is applied at the other end ? 

48 To smooth a garment by hot ironit is better to push the 
‘iron than to pull it—Explain. 

49. Is is possible to keep a rope horizontal by placing a load on 
the rope? Why not 7 

50, A heavy body and a lighter body moves with same 
momentum, Which one would travel a greater distance when equal 
opposing forces are applied to stop them ? 


[0] Numerical Problems : 


51. A ball weighing 150 g was moving with a speed of 10 ms™t, 
I: is stopped in 0,2's, What force was applied to stop it 7 


[ 7.5 x 105 dyn ] 


52 The barrel of a gun is 50 cm long, A bullet weighing 10 g is 
‘fired from the gun with a velocity of 400 ms-2, What is the average 
acceleration of the bullet inside the barrel ? What is the average 
‘force on it [16x107 cms-*, 1.6108 dyn ] 

53. A car moving initially at a speed of 50 mi/hr and weighin 

3000 Ib is brought to a stop in a distance of 200 A (a) Find oe 
braking force and the time required to stop. (b) Assuming the same 
braking force, find the distance and time required to Stop if the car 
were going 25 mi/hr, initially, [ 1300 Ib, 5.5 s ; 50 ft pice? Sigh 

54 A train with a mass of 500 tons is uniforml ete 

2 OF 7: rded by 
applying its brakes Its velocity. drops from 50 k fo 28 
in one minute, Find the braking fore. abn 1O42 km/hr 


55. A body with a mass of 0.5 kg is i ili i 
‘The relation between the distance s travelled a the aoe aaa 
time t is giyen by the equation s=A - Bt+Ct*—Dt®. where 
‘C=5 m/s? and D=1 m/s*, Determine the force which acts on the 
body at the end of the first second of motion, [2N] 

56, Under the action of a constant force F=1 kgf a body so 
moves in straight line that the relation between the distance Strayélled 
‘by the body and the time t is described by the equation 
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S=A—Bt+Ct*, Find the mass of the body if the constant 
C=1 ms-?, [4:9 kg. ] 

57. A molecule with the mass m=4,65x 10-76 kg flying at a 
velocity of v= 600 ms-* strikes the wall of a vessel at an angle of 
60° to the normal and rebounds from it elastically at the same angle 
without losing its velocity, Find the impulse of the force received 
by the wall during the impact, [ 2.8 x 10-*8 Ns, J, 

58, A jet of water with a cross section of 6 cm? strikes a wall at 
an angle of 60° to the normal and rebounds elastically from the wall 
without losing its velocity, Find the power acting on the wall if the. 
velocity of the water in the jet is 12 ms-*, Density of water 
1000 kgm=*, [ 86 W, }; 

59, What angle to the horizon will be formed by the surface of 
petrol in the tank of a motor vehicle moving horizontally with 
a constant acceleration of 2,44 ms-*, Take g=9,8 ms~* (14°) 


60, A ball is suspended on a thread from the ceiling of a tramcar, 
The braks are applied and the speed of the car changes uniformly 
from 18 km/hr to 6 km/hr during 3 seconds, By what angle will 
the thread with the ball deviate from the vertical, Take g=9,8 ms~*, 

1 6° 30' J 

61. Two weights 2 kgf and 1 kgf are linked by a thread passing. 
over a weightless pulley. Find (i) the acceleration with which the 
weights move, (ii) the tension of the thread, Neglet friction on. 
the pulley, Take g=9.8 ms~*. ({ 3.27 ms~*, 13 W. }; 


62, A weightless pulley is attached to the top of an inclined 
plane forming an angle of 30° with the horizon, Equal weights are 
linked by a thread passing over a pulley. Find (i) the accleration. 
when the weights moye (ii) the tension on the thread Neglect 


friction in the pulley and between the weight and inclined plane, 
g=98 ms-*, [2.45 ms-* 7.35 N } 


63. A weightless pulley is attached to the apex of two inclined 
planes forming angles 30° and 45° with the horizon, Equal weights. 
are lioked by a thread passing over the pulley. Find (i) the 
acceleration with which the weighis move, (ii) the tension in the rope 
Neglect friction of the pulley and between weights and inciined planes, 
Take g=9.8 ms~*. [ 1.02 ms~*, 5.9 N } 

64, A ball flying at 15 ms~* is thrown back by a racket in the 
opposite direction with the velocity 20 ms~*, Find the change in the 
momentum of the ball if its kinetic energy changes by 8,75 J. 

[ -35 kg, ms-* J 

65. A bullet with a mass of 5x 10-* kg flies at a velocity of 
609 ms- from a rifle with a mass of 5 kg. Find the velocity of the 
rifle kick, { 0.6 ms-* J, 
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66. A flat car with a weight 10 tonf stands on rails and carries a 
cannon weighing 5 tonf from which a shell is fired along the rails, 
The weight of the shell is 100 kgf and its initial velocity with respect 
to cannon is 500 ms-?, Determine the velocity of the flat car at the 
first moment after the shot if (i) the flat car was standing, (ii) the car 
was moving with a speed of 18 km/hr and the shell was fired in the 
direction of motion, (iii) the car was moving with a speed of 18 km/ 
hr and the shell was fired in the direction opposite to its motion, 

[ —12 km/hr, 6 km/hr, —3 km/hr ] 

67, An automatic gun fires 600 bullets a minute. The mass of 
each bullet is 4 g and its initial velocity is 500 ms-*, Find the mean 
recoil, [19.6 N] 

68, A grenade flying at 10 ms-* bursts into two fragments, The 
larger one having 60 percent of the entire weight of the grenade 
continues to move as-before but with an increased velocity equal to 
25 ms~*, Find the velocity of the smaller fragment. [ —12.5 ms-* ] 

69. A body with a weight of 1 kgf moves horizontally with a 
velocity of 1 ms~*, overtakes another body weighing 0.5 kgf and 
collices with it inelastically. What velocity is im; arted to the bodies 

if(i) the second body was at rest, (ii) the second body was moving 
at a veloeity of 05 ms-* in the same direction as the first one, 
(iii) the second body was moving at a velocity of 0.5 ms-? in direction 
opposite to the motion of the first one p 
[ 0.67 ms-?, 0,83 ms7#, 0,5 ms-* J 
10, A body weighing 2 kgf moves with a velocity of 3 ms-? and 
overtakes another body weighing 3 kgf moving at 1 ms~2, Find the 
velocities of the bodies after collision if (i) the impact is inelastic, 
(ii) the impact is elastic, The bcdies move in a straight line and the 
impact is central, 


If the first body stops after elastic impact what should be the rati 
between the masses of the bodies ? if pre eae 


mi [1.8 ms-1; 0.6 ms-1, 26 ms-1, 1:3] 

71, A body weighing 49 N strikes an immobile body weighing 
2.5 kgf. The Kinetic energy of the system of these two bodies 
becomes 5J directly after the impact, Assuming the impact to be 
central and inelastic, find the kinetic energy of the first body before 
the collision, ERST] 


72, Two balls are suspended on parallel threads of the same 
length so that they touch each other, The mass of the first ball is 
0.2 kg and that of the second 100g, The first ball is deflec ed so 
that its centre of gravity rises to a height of 4.5 cm and is then 
released, To what height will the balls rise to after the collision if 
i) the impact is elastic, (ii) the impact is inelastic 7 


[5x 107° m, 0,08 m ; 2x 10-2 m ] 
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73. A bullet flying horizontally strikes a ball suspended on a very 
light rigid rod and gets stuck in it, The mass of the ball is 1000 
times greater than that of the bullet. The distance from the point of 
suspension to the cen're of the ball is 1m. Find the velocity of the 
bullet if the rod with the ball deviates by an angle of 10° after the 
impact, [ 550 ras-+ ] 

74. A bullet flying horizontally strikes the ball suspended fom a 
vertical light rigid rod and gets stuck in the ball, The mass of the 
bullet is 5 g and that of the ball 5 kg. The velocity of the bullet is 
500 ms-1, For what maximum length of the rod will the ball rise 
to the top of a circle as a result of the impact 7 [0.64m] 

75. A wooden ball is dropped vertically from a height of 2 m 
with an initial velocity of zero. When the ball strikes the floor, the 
coefficient of restitution is 0.5. Find (i) the height which the ball 
rises to after striking the floor, (ii) the amount of heat evolved during 
the impact, The mass of the ball is 100 g. [9.5 m, 1.48 J] 

76. A steel ball falls from a height of 1.5 m onto a steel plate 
and rebounds from it with the velocity 0.75 times the velocity of 
approach, (i) What height does the ball rise toy (ii) What time 
passes from the moment the ball begins to move, to its second 
impact with the plate 7 [084m;14s] 

77, A neutron ( mass m,) strikes an immobile nucleus of (i) a 
carbon atom ( mass 12 mg), (ii) an uranium atom (mass 235 mọ), 
Assuming the impact to be central and elastic, find the part of the 
velocity lost by the neutron during the impact, L 2/13, 2/236 ] 

78. A plastic ball falls from a height of 1 m and rebounds several 
times from the floor, What is the coefficient of restitution during its 
impact with the floor if 1,3 s pass from the first impact to the second 
one 7 [0.94] 

79. A body weighing 2 kg is placed on a smooth plane inclined to 
the horizontal at 30°, what is the magnitude of the force tending to 
slide it down the plane? What acceleration does it give to the 
body? (g=9.8 ms-* ) [9.8 N, 4,9 ms=2] 

80, A body is pulled simultaneously with a force of 50 kg acting 
due east and a force of 20 kg acting at an angle of 60° east of north, 
Find the magnitude and direction of the resultant, ; 

[ 62.4 kg making an angle of tan 1/2 /3 with east. J 

$1, The resultant of two forces makes angles 30° and 45° with 

the forces, If the resultant is 1000 dynes, what are the magnitudes 
[ 1000 /2 2000 

E IFT | 

82, A particle of mass 2gis acted on by a force of 26 dynes at 
an angle @ north of east where tan 9 =5/12. How far will this force 
move the particle towards the east in 5 s ? [ 150 cm, ] 


of the forces ? 
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83, A rocket burns 0.25 kg of fuel per second and ejects it as a 
gas with a velocity of 1 km/s, Calculate the force exerted by the 
ejected gas on the rocket, [ 250 N. ] 

84. Three particles of equal mass move with equal speed V 
along the medians of an equilateral triangle, They collide at the 
centroid of the triangle, After collision a particle comes to rest, 
another retraces is path with a speed V, What is the speed of the 
third particle? (I. I. T. ’82) [ Retrace the path with speed V. ] 

85, A body of mass 1 kg initially at rest, explodes and breaks 
into three fragments of masses in the ratio 1 : 133, The two pieces 
with equal mass fly off perpendicularly to each other with a speed of 

` 30. m/s each. What is the velocity of the heavier fragment ? 
(1,1, T. 81 ) [ 14.14 ms-* directed opposite to the bisector of the 
Tight angle. } 

86, Two bodies of equal mass are, at rest, side by side, One of 


the bcdies starts moving under a constant force F while the other, 
at the same instant, receives an impulse of I, Show that the 


bodies again come side by side after a time fa 

87. A train of mass M is travelling with a uniform velocity. on 
a level line ; the last carriage, whose mass is m, becomes detached, 
The driver discovers it after travelling a distance 1 and then shuts off 
steam, Show that when both the parts come to rest, thedistance between 


PRSMI f ARATE DIA 7 
them is Mon if the resistance to. motion is uniform and proportional 
to the weight and pull of the engine is constant, 


88, An engine of mass 200 tonnes is pulling a train of 10: 
carriages, each of mass 60 tonnes. The engine is exterting its 
maximum pull of 2 105 N when the train is Moving at a constant 
speed of 36 km/hr. Due to the disengegement of the coupling 
between the 5th and 6th Carriages, the rear five carriages get 
separated and the engine hauls the first five carriages exerting the 
same pull, Assuming that the tractive resistance is proportional to 
weight, find how far ahead the front half of the train is when. the rear 
half comes to rest p [ 400m, ] 


89. A metal disc is kept in equilibrium at a certain height by 
throwing marbles directly upwards. If the collision be elastic and 50 
marbles strike the disc per second, find the mass of the disc, Each 
marble has a mass of 2 gand strikes the disc with a velocity of 
of 30 ms-?, [6.12g] 

90. A cricket ball weighing 5.5 oz rises toa height of 68 ft 
vertically and drops into a fielder’s hand 4 ft above the ground, 
The fielder brings the ball to rest in 1/10 s, Calculate (i) the speed 
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of the ball as it reaches the fielders hand, (ii) the average-foredim- 
lb-f that must be applied in stopping it. (16 OZ=1 1b) at sae 
[ 64 fts-?, 6, 88464. F 

91, A mass m g is acted upon by a uniform force of F dynes under: 
which intsit moves a distance S cm from rest and acquires & 


velocity of v cm s-?, Show that S=42 and ta. 
92, A load W is raised by a rope from rest to rest through ax 

height h, The greatest tension which the rope can safely bear is: 

nW, Show that the least time in which the ascent can be made is. 


2nh 
(Py Aand 
Va =1)g 
93. Sand drops vertically at the rate of 2'kg s7* on to a conveyor 
belt moving horizontally witha velocity of 1 ms~?,. Calculate @ 


the extra power needed to keep the belt moving (ii) the rate of 
change of kinetic energy of the sand. [ 0:02 watt, 0.01 watt J. 


94.. Three blocks, A, B, C are connected by means of.a string on 

a horizontal, frictionless table. The masses of the blocks are 10, 20: 
and 30 kg respectively. Tension between A and B is T,, that between 
Band Cis T, and the whole system is pulled by a force of 60N. 
Find the tensions T, and T,. [ 10N,, 30N. J 
95, A goat weighing 101b is standing on a flat boat so that it is. 

20 ft from the shore. It walks 8 ft on the boat towards the shore 
and then halts, How far is the goat from the shore? The boat 
weighs 40 1b and assume that there is no friction between water and 
and the boat, [ 13-@-ft F 
96, A boat on a lake is perpendicular to the shore and faces it 
with its bow, The distance between the bow and the shore is 0,75 m. 
Initially the boat was stationary, A man steps from its bow to its 
stern, Will the boat reach the shore if it is 2m long? If not what. 
will be lhe length of the boat so that it will reach the shore» The. 

mass of the boat is 140 kg and that of man 60 kg. J 

[No ; more than 2.5 m. J} 

97, A100 km/hr wind blows normally against one wall of a 
house having an area of 50 m°, Calculate the force exerted on the: 
wall if the air moves parallel to the wall after striking it and has.a. 
density 1:134x10-* gmcm-*. (J. E, E. 81) [ 4.4 10*N. ] 
98, By what fraction is the kinetic energy of a neutron of mass: 
m, decreased in a head on collision with an atomic nucleus. of mass 
m, initially at rest 7 {4m,m,/(m,+m,)*. F 
99, A railway truck of mass 4x 104 kg moving ata velocity of 

3 ms~} collides with another truck of mass 2x 10* kg which is at 
r est, The couplings join and the trucks move off together, What 


22 


| 


ý 
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fraction’ of. the first truck’s initial Kinetic energy remains as the 
kinetic energy of the two trucks after collision 7 [ 2/3. 
"4002 Two trolleys P and Q of masses 0.50 kg and 0,30 kg 
respectively are held together on a horizontal track against a spring 
which is in a state of compression, When the spring is released, the 
trolleys separate freely and P moves to the left with an initial velocity 
of 6 ms-2, Calculate (i) the. initial velocity of Q, (ii) the initial 

` total kinetic energy of the system, (ii) also the initial velocity of Q 
ifthe trolley: P is held still when the spring under same compression 
as before is released. [ 10 ms-?, 24J, 4/10 ms7? ] 


1-4 ( Friction ) 


[A] Essay type questions : 
1.) Friction is said to be a ‘self-adjusting’ force, What does this 
statement mean ? A force is said to have direction, What is the 
direction of the force of friction p Is the direction fixed 7 
2, ‘Define coefficients of Static and dynamic friction, Which of 
these two is the more important in everyday life p 
Stateiand explain the laws of friction, $ 
3, ‘Friction is useful in many ways though it is wasteful in other 
ways’—Discuss, 
Write briefly the methods of minimising friction, 
4, Deduce the eqution of motion of a body on a rough surface. 
Define angle of repose and angle of friction and establish @ 
relation between them, 
Find a relation between angle of repose and coefficient of friction. 


[B] Short answer type questions : 
5. ‘Friction is a self-adjusting force’-—Explain. 
6, Why afethe roads made not very smooth ? 


me mt d the tyres of motor cycles and cars have rough 
8. Why are the brake shoes made rough 7 


9. ‘We grip a stopper with a piece of sand-paper when i 
i A i - there is 
difficulty in removing the stopper from a bottle, or pe a drop of oil 
where the stopper enters the neck of the bottle-—Explain, 
ae Why is it inconvenient to write on unglazed or overglazed 
11. If the rails are oiled the wheels of an engi i 
b i gine go on turning 
z prc engine does not move forward, Putting some sand on the 
S ie engine move—Explain with reasons, 
12, locomotive with a heavy load has difficulty in starting. 
This is remedied by putting sand on the wheel—Why ? 
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13, “Why should one take short step rather than long when 
walking on ice » ; 

14, Friction being independent of area, explain why are broad 
belts used in driving heavy mechinary and why are automobile brake 
shoes of large area desirable p wey 

15. ‘When a body is resting on a rough horizontal plane, no 
force, however great, applied towards the plane at an angle with the 
normal less than the limiting angle of friction, can push the body 
along the plane’-—Explain, 

16. Take a ruler and place it on your index fingers, Move the 
hands closer and closer, Note that the ruler will slide alternately on 
the two fingers, say, first over the right and then over the left, again 
over the right and then over the left, and so on. Explain why, $ 

17, Two similar roller spin in opposite directions, the right one 
anticlockwise, A metre-scale is supported horizontally by the rollers 
with its centre of gravity between the rollers, The scale will be seen 
to exceute a to-and-fro motion, Explain why. 

18, ‘When a person walks on a rough surface, the frictional force 
exerted by the surface on the person is opposite to the direction of 
his motion’—Is the statement true ? Give reasons in brief, 

(L19, 81] 

19. ‘in the absence of friction, a nail can’t be fixed on the wall 
of a room’—Is it true? Explain, 

20, Machine bearings are often made of one metal while their 
rotating shafts are made of another, Why ? 

21, While pulling a roller, a large force is required to start its 
motion but once it begins to roll, comparatively smaller force is 
found to be sufficient to maintain its motion, Explain with reasons, 

22, Why are ball-bearings employed in some machine in place 
of sleeve-bearings 7 £ 

23, ‘A block is placed on a horizonal table and is pulled weakly 


` by a string but it does not move-—how do you explain this p 


24, Why wheels are used in carriages ? 

25, To shift a drum of oil from one place to another, it is easier 
to roll it than pull it; Why p 

E A man can not walk in the absence of friction, Is it true 7 
-Expl.in, 


27, A chair is resting on the floor, When will the force of 
friction act between them» Where does this force act ‘Is the 
magnitude of the force is constant p 


28. When a lorry get bogged in mud, it fails to move forward 
though its wheels go on Totating. Explain why 7 
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29, Space-crafts are so designed as to have a special heat 
shield, Why? 

30. Why are ‘racing car’ built in streamlined shape 7 

31, How could a person completely at rest in frictionless ice 
cross a pond to reach the shore, rolling, jumping or kicking his feet 7 

32. There is a limit beyond which further polishing of a surface 
increases rather than decreases frictional forces, Why ? 


{C] Numerical problems : 


33, A box weighing 80 kg can be moved on a rough floor when 
a horizontal force of 20 kg is applied, A man weighing 60 kg finds 
that he cannot push the box because his leather shoe-soles slip on 
the floor, When he changes to rubber-soled shoes, he can push the 
box along. Explain. 


. How much load should he put on himself to push the box 
without changing shoes if the coefficient of friction between the 
floor and his shoe-soles is 0°25 ? [20 kg] 


_ 34, You are pressing on a stone floor with a stick, When the 
stick is inclined at more than 10° with the vertical it slips, What 
is the coefficient of friction ? [018] 


_ 35, A body of weight W is held in equilibrium on a rough 
inclined plane by a horizontal force P, Show that P must lie within 
the limits W tan ( 0+ ) where 9’is the angle of inclination of the 
plane to the horizontal and 4 is the angle of friction, 


- 36, A body of weight W placed on a rough inclined plane of 
angle of inclination 9 is just prevented from sliding down by the 
application of a force P at an angle » to the inclined plane. 


sin (0-4) i BIE 
Show that P=W cos (AF)? where = angle of friction, 

When the body is on the point of movin h w. 
that the force to pull it will be least when the mgl a te 
force and the plane is equal to the angle of friction. 


37, An incline rises 3 in a distance of 5. A 6k 
acting parallel to the plane, ‘just prevents a load ee conn 
sliding down, Find the coefficient of friction, [025] 


38, A mass of 1001b rests on incli 
30°, Ifthe coefficient of friction is ated te eee ot zr 
least forces, which acting parallel to the Plane in both cases, can 
just maintain the mass in equilibrium, [ 100 Ib and 0 J 
39, A box weighing 150 Ib is moved at consi 
a horizontal floor by dragging it by means epi Mye 
the front end, If the rope makes an angle of 30° with the floor and 
the coefficient of friction between the box and the floor is 0:4, find 
the force exerted by the pulling rope, [56:3 Ib } 
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40, A body of weight 100 lb is pulled up a rough plane inclined 
at an angle of 45° to the horizontal by a force parallel to the plane. 
4f the coefficient of friction is 0'2 find (i) the normal reaction of 
the plane on the body, (ii) the force parallel to the plane necessary 
to just overcome the frictional resistance, (iii) the resolyed part, 
down the plane, of the weight of the body, and (iy) the minimum 
force required to move the body up the plane, 

[ 70°6 Ibf, 14°1, Ibf, 70:7 Ibf, 84:8 Ibf ] 

41. A body of mass 10 1b is maintained at rest on a plane 
inclined at 30° to the horizontal, by a string making an angle of 45° to 
the plane. — If the coefficient of friction is 0°10, what is the minimum 
tension necessary in the string 7 [ 6:5 lbf] 

42, A wooden block of weight 10 Ib is placed on & plane 
at 30° to the horizontal, If the coefficient of friction between the 
block and the plane is 0:30, what upward force at an angle of 20° to 
the plane will just cause the block to move up the plane ? [ 7:29 lbf ] 

43, A uniform ladder rests in equilibrium against a vertical 
wall, If the coefficient of friction between the wall and the ladder, 
and the ground and the ladder is 0:10, find the maximum angle 
the ladder can make with the wall. { 11°25’ ] 


44, At what angle to the vertical will a uniform ladder be on 
the point of slipping if placed against a vertical wall? The coefficient 
of friction between the wall and the ladder is 0°10, and that between 
the ‘ladder and the ground is 0:20, { 22°12’ ] 


45, A uniform ladder, 30 ft long and weighing 40 Ib, rests 
against a wall with its base 10 ft from the wall, A man weighing 
200 Ib climbs to a point 17:5 ft from the bottom before thé ladder 
starts to slip, Find the coefficient of friction between the ladder and 
the ground, and the ladder and the wall, assuming them to be ois 1 

46. A man, weighing 180 Ib, climbs a 40 1b, 13 ft ladder with 

s base 5 ft out from a smooth vertical wall, What must be the 
coefficient of friction between the foot of the ladder and the ground 
if the man is to be able to climb the top of the ladder 7 [038] 


47. A rectangular block with a square base of 4 inches edge rests 
on a rough table, A force is applied to it perpendicular to one of 
the vertical faces, It is found that if the point of application is less 
than 5 inches above the table, the block slides ; if higher it tips over. 
Find the coefficient of friction, [04] 

48, A piece of ice slides down a 45° incline in twice the time it 
takes to slide down a frictionless 45° incline, What is the coefficient 
of knietic friction between the ice and the incline 7 [075] 


49, A rope so lies on a table that part of it hangs over, The 
tope begins to slide when the length of the hanging part is 25% of 
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the entire length, What is the coefficient of friction between the 
table and the rope p [0°33] 


50. A force of 10 kgf parallel toa plane of inclination 60° is 
required to keep a 10 kg block moving up the plane with constant 
speed, Find the coefficient of kinetic friction, [0268 ] 


51, The minimum force required to move a block uparough 
plane inclined at an angle of 30° to the horizontal was found’ to’ be 
five times the minimum force needed to move the block down the 
plane If the forces act parallel to the plane, find the coefficient of 
friction between the plane and the block, [0:866 } 


"52,4 A sledge weighing 200 kg is drawn along a rough horizontal 
_ floor by a 100kg force making an angle of 60° with the vertical, . 
How far will the sledge move from rest in 10s, Given that 
the coefficient of kinetic friction = 0.2, [ 13867 m Ia 


x 


- 


1-5 (Uniform circular motion ) 


y [A] “^ Essay type questions $ 


rigs Explain the terms angular displacement, angular velocity. 
periodic time and frequency. in angular motion, 

For motion in a circle, how are the first two related respectively 
to the linear displacement and linear velocity 9 
_ 2. What kind of force is necessary to make a particle move in 
Aicel with „a constant angular velocity? What is the name of 
„this force 7 Find its magnitude and direction, 

3. Distinguish between centripetal and centrifugal force, Why 
do we call the former a true force, and the latter a ‘pseudo’ or 
‘fictitions? force p 

Distinguish between a centrifugal force and a ntrifi tion 
giving examples of each, s ron coe am 

4, Prove that a coistant force directed towards the centre of a 


— ers to make a particle move with a constant speed in 
ircle, 


Calculate the magnitudes of the centripetal force’ and the 
centripetal acceleration, 


How will the particle move when the centripetal force ceases: 
to act 7 
5. (a) Why is a road made sloping at a sharp bend $ 


(b) In the case of a curved railway track, the line away from the 
ceatre of the curve is slightly. raised. Waat advantage does it give tae 


(c) Explain how a cyclist gets the necessary centripetal force 
ea taking a bend on a level road. oti 
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6. Show that the minimum horizontal velocity with which a 
particle, hanging freely at the end of a string of length! must be . 
projected so as to describe completely a vertical circle is /5g] where 
g is the acceleration due to gravity. 

What is a speed governer 7 

4 7, How can we express a simple harmonic motion by the projec- + 
tion of a point moving with unifrom angular velocity along the 
‘circumference of a circle of reference on any diameter ọ y ja 

8. Obtain a mathematical expression for the displacement of a 
particle executing S. H. M. What is the nature of the time-displace- 
ment curve ? 

9, Obtain an expression for the velocity, acceleration, time period 
and force in the case of aS, H, M, Under what conditions will they 
`- assume maximum and minimum values. Ng 

10, Prove that the motion of a simple pendulum is simple 

hermonic and hence find its time period. i 


~ 


+ 


[B] Short answer type questions : r 
11. Centripetal force is a real force and centrifugal force isa | 


‘pseudo’ force—Justify the statement, (H. S. "80) 
12, Does the centripetal force do any work? Explain 
with reasons, 


13. Ifa heavy body on the end of a ‘string is rotated rapidly 
enough, the string will break, What force causes the string | 
p 


to break ? + p dia 
14. Can the centripetal force be greater than the centrifugal 
reaction ? 


15, Explain why a motor-cyclist in a circus ‘well of death’ can © 
ride around the walls of the well without falling down, (E. I T. *67) 

16. A Stone is whirled in a vertical circle by means of a rope. In 
what positions of the stone is the tension in the rope greatest and 
least, Justify your answer, 

17, The driver of a truck travelling with a velocity y suddenly 
notices a wall in front of him at a distance r, Is it better for him to 
apply brakes or to make a circular turn without applying brakes in 
order to just avoid crashing into the wall? why p HLT. °77) 

18, When a bus takes a sharp bend, the passengers inside the 
bus seem to be thrown outwards, How is it explained by a passenger 
in the bus and a person standing on the road-way 7 

19, Ona cinema screen a cart moving from left to right appears 
to audience to have the spokes move in opposite direction, Explain, 

20, What is the angular speed of the minute and second hands 
of a watch ? 
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21, dn a centrifuse particles can be separated from the fluid. 
Explain the action, ; j 
21. A cylindrical chamber is rotating about a vertical’axis, At 
æ certain speed of rotation a man seems to be pinned up against the 
wall. Explain, ; 
23. Is it possible ‘to rotate a bucket of water in a verticle plane 
- ‘agithout spilling the water? E 
24, A cork is put.on a gramophone disc, The disc starts rotating 
Dut before the final speed is reached, cork flies off, Explain, 
_ 25. Why does the cream separates from the milk, when it 
ås charned f 
. 26. A cyclist rounding a curve must lean inwards otherwise he 
may fall outwards, Why 7 
27. Why does a small chain set rotating at a high speed rolls) 
slong a floor as though it were a rigid metal loop ? 
28, When a particle moves in a circular path with uniform 
‘speed, does its acceleration remain unaltered p 
` 29, The earth moving about the sun in a circular orbit is always 
acted upon by a force and hence work must be done on the earth by 
his force’—Do you agree with this statement ? CELT, 739; 
30 A boy sitting in a railway carriage moving with constant 
welocity throws a ball vertically upward, Where would the ball 
‘Gell when the carriage goes round a curve when the ball is in air ? 
~ 34. Why is the earth taken the shape of an oblate spheroid ? 
32, In rectilinear motion a body may move without any 
‘acceleration, but in circular motions it would always have an 
Gecceleration. Is it true? Explain, 
33. Mention the nature of the forces with give rise to certripetal 
‘force in the following cases—(i) a satellite moving round the earth, 
XÆ) electron moving round the nucleus, (iii) railway trucks banked 
@m curve, (iy) rotation of a stone tied to thread in the horizontal 
glane, (v) the motion of string when its mid-point is plucked, 
34. Under what conditions a particle will execute S, H, M, ? 
. 35. What property of matter takes the bob of a swinging 
sample pendulum across the mean position to the other side 7 
©] Numerical problems : 


| 36. The minute hand of a clock is 50 cm long. What is its 

Jaez speed-p [ 0087 cm s-+ J 

37. If a body revolves 42 times in a minute along the 

` @atcumference of a circle, what will be its angular velocity. 2 [44 rad.] 
38. A flywheel rotates at 1200 rpm, Find its (i) frequency 

w Angular speed, (iii) time period and (iv) time required to turn 
eae [ 20 rps, 125°6 rad 5-1, 0:05s, 0-01s, 
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39. Calculate the angular speed of the earth around the sun 
assuming the orbit to be circular. (1 year =365 days, ) 

; [ 1:99 x 10-7 rad s~* ] 

40, A string snaps under a tension of 107 dyne, A stone 
weighing 500 g is tied to it and made to revolve in a horizontal circle 
of radius 50 cm, At what frequency of rotation will the string snap 7 

i [ 10/x s-t] 

< 41, If the speed of the cycle is 4 ms-* and its coefficient of 
friction with the road is 0'3, what will be the shortest diameter of the ~ 
circle the cyclist can take? (g=980 cm s-*) What will be his 
angle of tilt 7 [109 m, 16°42'] — 

42, A motor car moving with a speed of 20 ms=* takes a bend 
of 30 m radius, If the driver weighs 72 kg what is thé centrifugal 
force acting athimy How many times is this force greater than his 
weight 7 ; [96x 107 dyn, about 1°4 times ] 

43, What should be the angular speed of diurnal rotation of the 
earth if a person on the equator is to have no weight? How long 
will a day be then in hours? ( Earth’s radius = 6400 km ) 

[ 1:24 x 10*8 rad s~*, about 1'4 hour ] 

44. A boy is sitting on a horizontal platform of a joy wheel at a 
distance of 15 feet from its centre, The joy wheel begins to rotate 
and when the angular speed exceeds 10 rpm, the boy just slips, What 
is the coefficient of friction between the boy and the platform, 

(g=30 fts-*) (Delhi) [05] 

45, A body of 1 kgf suspended by a thread deviates through an 
angle of 30°, Find the tension of the thread when it passes through 
the position of equilibrium, (124N] 

46, What should be the velocity of a cyclist turning over circular 
track of 100 m radius such that his inclination to the vertical is 30° 7 

(g=980 cm s=") [2379 m | en 

47, A mass m on a frictionless table is attached to a hanging mass 
M by a cord through a smooth horizontal table. If m is spinning 
with speed y along a horizontal circle of radius r such that the mass 
Mis at rest, then show that y= ,/Mg r/m, 

48. A stone weighing 20 g is tied to a sting 10 cm long and set 
revolving in a vertical plane, If the velocity of the stone at the top 
of the circle is 1 ms-+,calculate the tension in the string when the 
stone is (i) at the top of the circle, (ii) at its bottom and (iii) at a 
level with its centre, [ 0.004 N, 1:18 N, 0'592 N J 

49, A smooth circular tube is held firmly ina vertical plane. 
A partical which can slide inside the tube_is slightly displaced from 
rest at it highest position in the tube, Find the pressure between the 
tube and the particle in terms of it mass m and its angular dis- 
placement 9 from its highest position, { mg (3 cos 9-2) ] 
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50. A ball of mass M hangs on a string of length I. A bullet of 
mass 7n flying horizontally hits the ball headon and sticks to it. At 
what minimum velocity must the bullet travel so that the ball will 


eae A D ( Wis: 
make a complete revolution in a vertical circle p [ uM Jal 
51. A 2 kg ball ‘is swung in a vertical circle with a constant 
angular speed of 60 rpm by means of a wire of length 50 cm, Find 
the tension in the wire (i) at the top and (ii) at the bottom of the 
. circle, | [ 1984 N, 59°04 N] 


52, A small body is tied toa point by an inextensible sting of 
negligible mass and is rotated in a circle of radius 500 cm in the 
vertical plane, What is the minimum speed that it must haye at the 
uppermost point of the circle, so that the string does not slacken ọ 
What would be its speed and angular velocity-at the lowermost point 
of the circle if it has the above minimum speed at the uppermost 
point. (I.I. 7,67) {700 cms-?, 1565-2 cm s1, 3:132 rad s71 ] 


53. A small bob of mass 1 g is attached to one end of a string 
20 cm long, the other end of the string being fixed to a point, The 
bob is so projected that it describes a horizontal circle of radius r 
about a point vertically below the fixed point. Calculate the speed 
of the bob if the string makes an angle of 45° with the vertical, 

[ 198 cm s~! } 

54, A motorcycle with its rider has mass of 250 g and travels 
tound a curve in a road of 36 m radius, Snow and ice on the road 
reduce the coefficient of friction between the tyre and road to 0:2, 
If the curve in the road is banked to 15° in the Motor-cyclist’s favour, 
find (i) the maximum yelocity attainable without slipping, and (i) the 
angle ‘the rider must make with the road surface at this velocity, 
assuming that the rider and motor-cycle remain in one plane, 


to zero 9 (Reba J 


56. A bucket-full of milk is bein rotated in a verti i f 
66 cm radius. What should be the minimum speed ios #6 
that the milk is not spilled even when the bucket gets inverted 7 
g=980 cms-?, [ 252 cms-+ 

57. An arched bridge is to be so desi ed th 
over the bridge safely at speeds upto 180 ated wie: hk ping 
off the road. What should be the minimum or maximum value 
of the radius of curvature of the arch ? (J. E. E. °75 ) [255m] 


4 


i 
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58, A simple pendulum is suspended from the celling “of a 
railway carriage, The carriage passes a curve of radius 65 m at a 
speed of 12 km/hr. Through what angle will the bob deviate ? [ 1°] 

59, A car having a mass of 100 kg travels round a horizontal 
_ circle of radius 30 m. The height of the centre of gravity is 320 mm 

above the road surface and the truck width between the wheels is 
1:25 m, The coefficient of friction between the tyre of the verticle 
and the wet road surface is 0:4. What is the maximum safe velocity 
for rounding the bend? If this velocity is exceeded, will the car- 
overturn or slip sideways 7 [ 23-95 ms-+, overturn } 
60. Calculate the acceleration of a particle at the equator of 
the earth due to its rotation. The radius of the earth is 6600 km 
and its period of rotation is 24 hour. 
i [0:035 ms-* J 
61, Two disks are mounted 40 cm apart on an axle, The axle 
with disks rotates with uniform angular velocity of 3000 rpm, 
A bullet flying parallel to the axle pierces both the disks, The hole 
in the second disk is displaced with respect to that in the first one 
by an angle of 18°, What was the velocity of the bullet 7 
[ 400 ms-* J 


62. A small- body of mass m is placed on the top of a smooth 
sphere of radius r, If the body slides down the surface of the sphere, 
at what point does it flies off the surface 7 [ At a point which 

makes an angle of cos -+ (g) with vertical radius ] 

63, The bob of a simple pendulum weigh mg. It is pulled 
from its position of equlibrium through an angle 9 and than released, 
Show that the tension of the thread when the bob passes through the 
position of equilibrium is given by mg (3—2 cos o). 

64. A heavy particle at the end of a tight string of length 20 cm, 
the other end being fixed, is allowed to fall from a horizontal position 
of string. When the string is vertical it encouaters an obstruction at 
its middle point and the particle Continues its motion in a circle of 
radius 10cm, Find the height the particle will attain before the 
string slackens, 

[ 16°66 cm } 

65. A body weighing 100 g vibrates in SH.M. with a 
_ period of 5s, and an amplitude of 15 cm, Find its velocity, 
* accleration (i) at the mean position, (ii) at the end of the path and 
(iii) ata point 1 cm from the mean position, [ 189 cms-*, 

0; 0,238 cms-* ; 1'41 cms-*, 1°58 cms-* ] 

66. A particle of mass 5 g is executing S.H.M. The effective 
force on it is 1280 dyne when its. displacement is 25 cm. What is 
the time period 7 [1968] 
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[A] Essay type questions : 

1. Explain what is meant by angular acceleration, For motion 
in a circle how it is related to the linear acceleration, 

2. What is meant by angular momentum of a Ppartical about a 
point? Find how it is related to the moment of the force acting, 
What is the importance of the moment of a force ? 

~ 3, What do you understand by the term torque What is the 
-moment of a force about a point ? What is the importance of a 
torque in angular motion » 
_ 4 Explain the terms couple, moment of a couple, arm ofa 
~couple. Give examples of couples, How cana couple destroy the 
action of another ? What is meant by the axis of a couple ? 

5, Explain the principle of conservation of angular momentum 

with suitable examples, 
[B] Short answer type questions : 

6, The force applied to a Point near to the rim of a wheel 
Produces greater amount of motion—Explain, 

7. Why do we prefer long arm wrench to remove a tight bolt ? 

, 8 It is easier to open or close a door by pushing or pulling near 
‘its outmost edge than by pushing or pulling near the hinges—Explain, 

9. Why does a diver. diving from a high platfrom, get a good 
‘number of scmersaults if he curbs his body more 5 ig A 
DERO: At what point should a force be applied to a wheel at rest 
in order that it produces no Totational motion ? 

11, A man stands ona Totating turntable with his arms outstre- 
tched. What will happen when the man draw his hands towards 
his chest p 

12, A cannon is at the centre of rotating platform, rotatin 

A ; N } about 
a vertical axis, A shell is fired in a horizontal direction atte the 
radius of a platform, Will the velocity of rotation change ? 

13, Will the angular velocity of earth di i 
fife diessan from the sky 9 y ecrease if a heavy meteor 

14. A heavy weight is fitted at one end B of a Ij 
‘When will the rod fall faster, when pivoted at A or AAT By er 

15.. When a torque is applied on a rigid body fr 
about an „axis, the angular acceleration produced depends not oils 
upon the size and the shape of the body but also upon the distribu- 
tion of its mass with respect to the axis of rotation—Explain, 

16. Prove that if the earth suddenly contract to half its radi 
the length of the day will be shortened from 24 hours to 6 Hoas ae 
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17. Moment of inertia is the rotational analogue of mass of a 
body—Explain, 

18. Why is barrel of a rifle spiraled 7 

19. Why pole-star appear to be fixed relative to earth p 
[C] Numerical Problems : 

20. A fly-wheel of radius 50 cm increases its speed from 720° 
rpm to 1440 rpm in minute, Calculate (a) its angular acceleration 
in rad/s? and (b) linear acceleration in cm/s* of a point on its rim, 

` (1256 rad/s", 62:8 cm/s* ] 

21, A wheel is uniformly retarded by braking and its velocity of ` 
rotation drops from 300 to 180 rpm in one minute, The moment of 
inertia of the wheel is 2 kgm”, Find (i) the angular acceleration of 
the wheel, (ii) the braking moment, (iii) the number of revolutions 
completed by the wheel during this minute, (iv) the work done in 
braking. [021 rad/s*, 0-42 N m, 240 rev, 630 J. J 

22, A fan rotates with a velocity of 1500 rpm, When its motor 
is switched off, the fan has uniformly retarded rotation and makes 
150 revolutions before it stop, In how much time the fan stops 
after it has been switched off p [12s]. 

23, An engine having wheels of radius 40 cm changes its speed 
from 25 to 50 km/hr in 5s, Calculate the angular acceleration of 
the wheel, { 3°47 rad/s? J 

24, A uniform circular disc of mass 50 g and of radius 10 cm 
is acted upon by a torque consisting of two equal and opposite forces 
applied tangentially to the rim from the extremities of a diameter, 
The disc is free to rotate about an axis passing through its centre 
perpendicular to its plane, What should be the magnitude of each 
force so that the disc may rotate with an angular acceleration of 20: 
rad/s” What is the kinetic energy transferred to the disc after 
2 seconds ? [ 40 rad/s, 0°25 ] 

25, A light horizontal bar is 10 m long. A 3 kg force acts 
vertically upward on it 25 cm from the right hand end, Find the 
torque about each end. [ 7:35 Nm ( clockwise ), 

286'6 Nm ( counter clockwise ) } 

26, A circular disc of mass 100 g and radius 10 cm revolves 
at the rate of 30 rpm about a vertical axis passing though its centre, 
A piece of wax of mass 20 g is slowly dropped on the disc at’a point 
8 cm from the centre, What will be the rate of rotation of the 
disc now 7 [ 32 rpm, ] 

27, A flywheel has moment of inertia 0-1 kgm*, What 
constant unbalanced torque is required to increase its speed from 
3 rpm to 9 rpm in 18 revolution 7 [ 1256 Nm } 


28, Awheel is rotating about its axis with constant angular 
acceleration of 2 rad/s*, It turns through an angle of 500 radians. 
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in 5 second, It is started from rest, what was its angular velocity 
at the beginning of the 5 second interval p [ 95 rad/s, ] 
29, The driving shaft ofan engine revolves 1800 times per 
minute and transmits 200 hp. Find the torque exerted, { 583°6 ft Ib ] 
30. A boy spins a top by pulling on the sting wound round the 
top at an average distance of 1 cm from the axis, + His pull is 0°15 kg. 
His hand holding the string accelerates at the rate of 2 m/s*, What is 
the M, I, of the top 7 [735 gm cm? ] 
34, A cylindrical fly-wheel of 500 g and radius 8 cm is caused 
to rotate. by a 200 g mass attached to one end of a string which 
passes round the fly-wheel, the other end being attached to the 
‘wheel, Find the tension in the string and the angular acceleration _ 
of the fly-wheel, ~ [185 gf, 9 1 rad s-2 7 


32, A fly-wheel is mounted on a horizontal axle of radius — 
3:0 cm. It is let in motion by a falling mass of 200 g which is 
attached to a light string passing round the axle and fastened to “it, 
The mass falls a distance of 120 cm to the ground in 12 s, If the. 
wheel continues to rotate for 10 revolution after the mass has 
reached the ground, find (a) the moment of inertia of the whee). 
(b) the tension in the string. [ 65x 105 gcm" 199-4 gf] 


1-7 (Statics ) 


[A] Essay type questions : 
1, Under what condition will a number of force: ; 
Sai fi produca an acceleratron in it ? E au dr 
., Under what condition will a number of forces acti 
fail to produce a rotation of the body ọ ang Iom uo bod 


2, What is the difference between a bo i i 
at eqgbelem deg a body being at rest and being 


State the conditions of equilibrium of a body. 
i E? onic ke iteniacs, sani coplanar forces which, acting 
Dt iohe centre of aie ; is it not proper to 
Ee arain cod meats cea a bey. 
RE in: of amber of walter mr 
7 = bolton 3 ae t weave the torque of a couple? What ‘ 


y distinguishes - 


can you 
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[B] Short answer type questions : 


aes parachute falling with constant velocity. Is it in 
equilibrium 7 í 

9, -When will three concurrent forces produce equilibrium 7 

10, What is meant by the equilibrant of forces} “= s 

11. What is the difference between centre of gravity and centre 
of mass 7 

12, A body is held onan inclined plane. What factors would 
-determine whether it would remain at rest or get upset p Explain, 

13, When do the centre of gravity and centre of mass of a. body. 
coincide 7 a ği n 

14, A picture hangs from a wall by two wires, What orientation 
should the wires have to be under minimum tension 7 

15. Is it possible that the centre of gravity of a body may lic 
outside the body 7 

16. Why is it easier to stand on two legs than on one leg 7 

17, ‘For body executing a pure translational motion its mass may 
be assumed to be concentrated at the centre of mass’—Explain, 

18, Why bipeds require training to walk but a quadrupeds 
can not 7 

19, A tradesman uses a false balance, the lengths of the two 
arms of the balance are 1, and |, respectively, He weighs out two 
customers w kg of tea leaf as indicated by his balance But in serving 
one of the customers he puts the weights in one pan while in serving 
the other he puts them on the other pan. How much do he gain 
or lose by this 7 

20, Show that for a body to be in equilibrium under the action 
of three non parallel forces, the forces must be coplanar and 


concurrent, i ; 
21. Where is the centre of gravity of the system made of the 


earth and the moon ? 

22, A ladder is at rest with its upper end against wall and the 
lower end on the ground, Isit more likely to slip when a man 
stands on it at the bottom or at the top 7 

23, Can two coplanar and unequal forces actingon a body keep 
it in equlibrium 7 

24 A homogeneous beam whose weight is G lies ona floor, 
The coefficient of friction between the beam and the floor is k, 
Which is easier for two men to do—turn the beam about it centre or 
move it translationally 7 

25. Three forces are acting on a body simultaneously, two of 
them being of equal magnitude, Ifthese two forces act in opposite 


ae 
5 
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directions at different points, the body cannot remain in equilibrium, 
Why ? 
26, While walking on a rope in a circus, why acrobat swings to. Ì 
and fro ọ t 
27. If a force acting on a. body be so directed that its line of 
action passes through (i) the centre of mass of the body, (ii) any point 
other than the centre of mass of the body, what would be the nature 
of motion of the body in each case p 
28, A homogeneous rectangular brick lies on an inclined plane, 
What half of the brick exert a greater pressure on the plane 7 £ 
29. A ping-pong ball is floating on the top of a vertical water 
jet. Isit in stable, unstable or in neutral equilibrium in the verticab 
` direction ọ x à (1. I Te73h 
30, Why is it dangerous to stand on the upper deck of a double: 
decker bus ? 
31, A body freely suspended from a fixed point rests with its. 
C, G., vertically below the point of suspension, Explain, 
32. A stick balanced on the finger remains in neutral equlibrium, 
Explain why 7 
33, At what coefficient of friction will a man not slip when he 
runs along a straight hard path p The maximum angle between a 
vertical line and the line connecting the man’s centre of gravity with: 
the point of support is 9. 
34, Do the centre of mass and centre of gravity coincide for a: 
building p For a lake ? 


35, Which is better—Carry load in one hand or in two hands 7 


36, Is the centre of gravity of a body change if the orintation of. 
the body changes p 


37, A man buys 3 kg of rice. To check that the weight is. 
correct he collect a metre scale and a spring balance reading upto | kg.. 
How can he check the weight of the rice with this equipment 7 


[c] Numerical problems : 

38. Forces of 30, 20, 60 and 60 gf acts on a particle in directions 
south, east, north and west respectively, Find the magnitude and’ 
direction of their resultant. Whatis meant by the ‘equilibrant? of 
these forces 7 [ 50 gf inclined at an angle tan-*4/3 with the north 

towards the west, ] 

39. A body weighing 500 g is suspended from the middle of a 
straight horizontal string 200 cm long, As a result the centre of. the 
string is depressed by 25cm, What is the tension in the string with 
the load on ? [ about 2060 gf. J 

40. A 3 metre long plank is supported horizontally at the ends 
by two strings, A man weighing 72 kg sits on the plank at a distance- 
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of 1 m from one end, What are the tensions in the strings? Ignore 
the weight of the plank. [ 48 kgf in the nearer string and 54 kgf 
in the other, J 
41. A lever of 2 m long and weighing 4 kg has its fulcrum 50 cm 
from one end. If a weight of 16kg is suspended from the end 
nearer the fulcrum, what force at the other end will be required to 
keep the lever in equilibrium 7 [4 kef J 
42, Two unequel forces inclined at a certain angle act ona 
particle, Show that the resultant is nearer the greater force, 


43, A non-uniform beam 16 m long rest on two pegs 9 m apart 
with the centre midway between them. The greatest mass that can 
be suspented in succession from the two ends without disturbing the 
equilibrium are 4 kg and 5 kg respectively, Find the. weight of the 
rod and the position of the point at which its weight acts, 

{ 3°5 kg, 0°5 m from the centre, ] 

44. ABCD isa square, each side 2m long, Forces of magni- 
tude 1, 7, 24,4, 10/2 and 13 ,/2 kgf are acting along AB, BC, CD, 
DA, AC and BD respectively. Find their resultant, ( 36 kgf] 

45, A load weighing 50,/3kg is supported in equilibrium by 
two ropes, one horizontal and the other in a direction 30° with the 
vertical, Find the tension in each rope, { 100 kgf and 50 kgf ] 

46, Two men are carrying a load of 45 kg placed on a rod 
whose ends are resting on the shoulders of the men. If the load be 
3m away from one man and 5 m from the other, find the weight 
carried by each man, [ 169 kg, 281 kg J 

47, IfC, and C, are the centres of gravity of two portion of a 
body of weights W, aid W, respectiverly and C, the centre of gravity 
of the entire body show that W 

fe W, = 3 
CO, =y- pw; CCa and. CC, oe 

48. A unifrom horizontal beam AB 40 cm long and weighing 
15kg is hinged at Atoa vertical wall and supported by a wire from 
B to a point on the wall 30 cm vertically above the’ hinge. A load 
of 30 kg hangs from the beam at a distance of 30 cm from the wall, 
Find (i) the tension in the wire, (ii) the push of the beam (iii) the 
reaction at the hinge. ` [50 kgf, 40 kgf, 42:72 kgf at an angle of 

20°33” with the horizontal. J 


49. A beam weighing 100 1b stands inclined to the horizon at an 
angle of 30° with one end resting against a smooth vertical wall and 
the other end-on the ground, The lower end of the beam ‘is. tied’ -to 
the wall by a horizontal rope so that it may not slip. If the C, G. 
of the beam divides the length of the beam in the ratio 3 +5, calculate 
the tension in the rope. { 21°65 lbf ] 

50, Two force P and Q—one parallel to the length and the other 


23 
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parallel to the base of an inclined plane can separately keep a body of — 
weight W at rest on the inclined plane, Show that POF ie on 

If R and S are respectively the forces of reaction acting on the 
weight, prove that RS=W?. 

51, A unifrom ladder weighing W resting against a rough vertical 
wall and on a rough floor. It is inclined at an angle 45° with the 
horizon, If u, and W, be the coefficients of friction at the floor and 
the wall respectively then show that the minimum horizontal force 
that can move the lower end of the ladder towards the wall is given 
by Wil+2e, =u), 

21 — Hs) 
52. A uniform iron beam is carried by three men, one is holding 
the beam at one end and the other two support it by means of a 
cross-bar placed underneth. At what point of the beam must the 
bar be placed so that each may carry one-third of the weight of 
the beam 7 { 1/4 length from free end. ] 


53, A uniform plank 6 m long and weighing 60 kg leans against 

a smooth vertical wall and stands on the level concerte floor having 

co-efficient of sliding friction equal to 0:3. Find the distance of the 
plank from the wall at which it will just start to slip. (J. E. E. ’79) 

[ 3°09 m] 

54. Two like parallel forces P and Q acting on a rigid body has 

aresultant R. If the forces interchange their points of application, 

the resultant R is displaced through. a distance x, Show that 


X= a Q y where y is the distance between the points of application 


of the forces P and Q, 


55, A wheel of radius 40 cm rests against a step of height 20 cm” 
What is the minimum horizontal force F, which if applied perpendi- 
cular to the axle will make the wheel climb up the step, The mass o! 
the wheel is 2 kg, (Œ. I, T. 76) [246 kgf. ] 

56, A heavy homogeneous sphere is suspended from a string 
whose end is attached to a vertical wall, The point at which the 
string is fastened to the sphere lies on the centre of the sphere. 
What should the coefficient of friction y between the sphere and the 
wall be for the sphere to remain in equilibrium ọ [uel] 

57, A dumbell with spherical masses 13608 g and 2268 g are 
connected. by a wire of length 20:96.cm. It is set to 180 rpm and 
thrown up. Find the tension in the wire. (T, I. T, °69-) [ 18-78 kgf] 
58, A ‘table has a heavy circular top of radius 1 m. and mass — 
20 kg. It has four light legs of length 1 m fixed symmetrically on 
its cicumference, Then (i, What is the maximum mass that can be 
placed anywhere on this table without toppling the table? (ii) What 
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is the area of the table top over which any weight may be placed 
without toppling it 7 (LI T.?74) [48:3 kg, 2m? ] 


59, A flexbile chain of weight w hangs between two fixed points 
A and B, at the same level, Find the tension in the chain at the 
lowest point and the force exerted by the chain on each end point, 
[ 4 w cot 9, w/2 sin @ tangent to the chain, ] 
60, A metal square of uniform thickness and side 18 cm is 
divided into four equal triangles by drawing the diagonals and one 
of the triangles is then cut out. Find the position of the C. G, of the 
remainder, [ 2 cm away from the vertex of the removed traiangle. ] 
61. A circular plate of uniform thickness has a diameter of 56 
cm, A circular portion of 42 cm is removed from one edge of the 
plate, Find the position of the centre of mass of the remaining 
portion, (1. I. T. 80) [ 9 cm away from the centre of 
the removed portion, ] 
62, Calculate the maximum height of uniform cylinder of dia- 
meter 8 cm that can be placed on its base on a rough inclined plane 
of angle 30° without the cylinder toppling over, [ 13 856 cm. J 
63. A rectangular beam of thickness t is balanced on a curved 
surface of a rough cylinder of radius r, Show that the beam will 
remain in stable equilibrium if r>t/2, 
64, A square hole has been punched out of a circular sheet in 
such a way that the radius of the circle is a diagonal of the square, 
If d be the diameter of the circle, show that the C, G. of the remaining 


position of the sheet is at a distance of r 4 from the centre of 


the circle. : 
65. A wheel of mass M can revolve in a vertical plane and Slide 


down on inclined plane inclined at an angle ¢. Show that if a mass of 
m be attached to the rim of the wheel, it will attain stable equilibrium 


wai m tity i 
if sin ġ < MFm The slipping along the plane may be ignored, 


1-8 (Work, Power and Energy) 


[A] Essay type questions ; 

1, Define work, Distinguish between work done by a force and 
against a force, giving two examples of each, 

2, What is meant by energy p What is mechanical energy? - 

Prove that kinetic energy of a body of mass m moving with a 
velocity v is $mv*, 

Calculate the increase in kinetic energy of a body which moves a 
distance s in the direction of the applied force F, 
_ 3. What is potential energy ? What do you understand when it 
is said that the gravitational potential energy is mgh 7 


316 MECHANICS 


Prove that a body moving freely under gravity has a constant 
mechanical energy (that is, the sum of its kinetic and potential 
energies is a constant ). Consider the case of both rise and fall, 

4, Explain what is meant by ‘Conservation of energy’, What is 
an isolated system ọ 

5. Explain the equation W=Fs cos @ relating to work done by 
a force, What willl be the interpretation of the equation if @ is 
greater than 90° ? 

6, Define the terms joule, erg and watt, How are they related ọ 
What is a killowatt-hour ? 

Distinguish between momentum and kinetic energy, 

7, What do you mean by work done by a couple; Find an 
expression for it, 

State work-energy principle, 

8. (a) Justify the principle of conservation of energy with 
teferenc to a body sliding down an inclined plane, 

(b) Deduce an expression for the total energy at any instant of 
a body sliding down an inclined plane. 

9. What are meant for a conservative aud dissipative force 7 
Prove that the gravitational force is conservative but the frictional 
force is dissipative, 

10. (a) Justify the principle of conservation of energy with 
reference to a swinging pendulum, 

(b) Prove that a projectile obeys the law of conservation of energy. 


(c) Obtain an expression for the elastic potential energy of a 
Stretched spring of unstretched length 1. 


[B] Short answer type questions : 
_, il. Ina tug-of-war, team A is defeated by team B, Which team 
did work against the other ? Explain your answer, 

12, A man is rowing a boat upstream, but is unable to advance 
relative to the bank, Explain whether the man`who is in the boat 
is doing work or not, 

13, Does an applied force always do work ? 

14, When a gun fires a bullet, who does work-the powder or 
the bullet? What kind of transformation of energy that occuss in 
this case 9 

15, A motor car is moving with a constant velocity on a level 
toad, In such a case there will be no unbalanced force on the car. 
Is work. being done anywhere p Explain your answer. 

16. ‘The power of an engine is 10 hp’—What is the meaning 
of the statement p (H. S. 80 ) 

17. What is meant by ‘No-work force’, Explain with example.. 
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18. Under what condition the work done by a force is- positive, 
negative and zero, L 

19. Give an examples of a force acting on a moving body, but 
doing no work, 

20. When a watch is wound, what type of energy is stored in it. 

21. A force acts on a body whose velocity changes thereby, 
Prove that the change of kinetic energy is equal to the work done 
by the impressed force, . 

22. Is it possible for a body to prossess negative value of the 
potential energy p Explain your answer with a suitable example, 

23. What is meant by conservative system ọ Is it ever possible 
that such system can exist in nature 7 

24. In the motion of a simple pendulum, show that the work 
done by the tension in the string is zero, 

25, Does the work done in raising a body to a certain height 
depend on how fast it is being raised p Is power? 

26. Deduce the relation between kilowatt and horse power, 

27, What is the relation between kilowatt:hour and joule p 

28, A man rises in a lift carrying a bucket of water, Explaim 
(a) if any work is done by the man on the bucket of water, and (b) if 
the energy of the bucket of water would remain unaltered, ( H.S. °78 } 

29. Differentiate between gravitational potential energy and 
elastic potential energy. 

30. A man is swiming upstream in such a manner that he is 
stationary with respect to the bank. Is he doing any work ? 

31, When a body moving in a circular orbit it is acted upon by a 
force, Is that force doing any work on the body ? 

32. When two boys play catch on a train, does the kinetic 
energy of the ball depend on the speed of the train 7 

33. Two identical springs, one of steel, the other of copper, are 
stretched with identical forces, On which operation must more 
work de expended ? ( Young’s modulus of steel is greater: than that 
of copper.) — 

34, What is the change in the potential energy of a body raised 
through a height h in water? The density of the body is d and 
that of water is d,, where d>d,. The volume of the body is v. 

35, How do you explain the fact that when a stone is dropped 
on the ground, the change in the momentum of the earth is equal 
to that of the stone, while the change in the kinetic energy of the 
earth is neglected 7 

36. How should the power of a pump motor change for the 
pump to deliver twice as much water in unit time through a narrow 
orifice p Disregard friction, 
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37. A lift loses potential energy in comming down from the top 
of a building to a stop at the ground floor, What happens to its 
potential energy ? 

38. Cana body have energy without momentum and momentum 
without energy 7 

39,, Ifa body of mass m possesses kinetic energy E, show that 
its momentum is ,/2mBE, 


40. A body falls freely from rest under gravity acquire a velocity 
v by losing its potential energy V. Find the mass of the body. 

41. A heavy body and a light body possess equal momentum, 
Which one wil! have a larger kinetic energy ? 

42, A lorry and a car moving with the same kinetic energy 
are brought to rest by the application of brakes which provide equal 
retarding forces, Which of them will come to rest in a shorter 
distance ? CLET?5) 

43. When a gas-filled balloon rises up, its gains both kinetic 


and potential energy, How does the principle of conservatio 
, energy hold in this case ọ 


‘44, Is the resistive force of air a conservative one ? 
45. When a compressed air is allowed to do some work, what 
type of energy is stored in it 7 
_ 46. ‘Work is always done against friction, work is not done by 
friction’—Explain. 
47. A meteorite buraed completely in the atmosphere before 
it reaches the earth’s surface, What happened to its energy p 


| 543, Explain why a falling body becomes hotter when it strikes 
the ground, 


49, ‘A system of bodies has always a tendency of remaining in 
a position where the potential energy is minimum’—Explain, 

50. A boy tries to raise a bucketful of water but fails to do so. 
What is the amount of work done ? 
_ „51. The acceleration due to gravity on a planet is 196 cm s.~" If 
it is safe to jump from a height of 2m on earth, fiad the corresponding 
safe height at the planet, ; (LIT 

52, Two similar safely-pins, one open and the other closed 
are put into two separate cups containing the sams acid of equal 
volume. Both the pins get dissolved in the acid. Which cup will 
be-at higher temperature p ; 


53. The driver of an automobile travelling at a speed of v 
suddenly sees a wall at a distance d dircetly in front of him, To 
avoid crashing, is it better to slam on the brakes or to tern sharply 
away from the wall p 
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54, Alight and a heavy body posses equal kinetic energies 
Which one will have a greater momentum ? 

55, The work done by a resultant force is always equal to the 
change in kinetic energy, Can it happen that the work done by one 
of the component forces alone will be greater than the change in 
‘Kinetic energy ọ It so, give example. 

56: Explain, using work and energy ideas, how a child pumps a 
‘swing up to large amplitude from a rest position. 

Two disks are connceted by a stiff spring. Can one press 
the upper disk down enough so that when it is released it will spring 
back and raise the lower disk off the table y Can mechanical energy 
fbe conserved in such a case 7 

58, An object is dropped and observed to bounce to one and 
one-half times its oniginal height. What conclusion can you draw 
‘from this observation 7 

59. Moutain roads rarely go straight up the slope but wind up 
‘gradually. Explain why. 

60. A boy of mass M can throw a stone of mass m with a 
horizontal velocity v, leaning against a wall. With what velocity can 
he throw the stone putting on sketting shoes on the ice ? Will the boy 
do work in both the cases at the same rate? What is the relative 
velocity of the stone with respecct to the boy in the second case 7 


[C] Numerical problems : 
61, What is the K,E, of a 100 g bullet fired with a velocity 
of 400 m/s ? ; [ 8000 J} 
62, How much work is required to build a column 12 ft high of 
-4 marble-blocks each 2 ft thick and weighing 500 Ib 7 [ 15,000 fi-lb } 
63, A train weighing 10° kg starts from rest and acquires a speed 
-of 12 m/s in one minute, How much work has been done on itp If 
the engine can pull the train with a constant speed of the above value, 
vwhat is the power of the engine in killowatts 7 [72x 105 J, 240 kw ] 
64, A cloud 5 km about the ground condenses into rain which 
collects 1 cm deep over an area of 10 m°, What is the loss of 
epotential energy of the cloud 7 {98x 108 5] 
7 65, A boy weighing 60 kg ascends 32 steps, each 25 cm high, 
in, 10 scconds, What power in kilowatts did he expend? [ 0'59 kw ] 
66, A 5 kw motor lifts water to a height of 10 m above the 
water level, If the efficiency of the pump is 80%, how much water 
vwill be lifted per minute 7 [ 2570 litre ] 
67, Forces of 1 kg each act on masses 10 kg and 40 kg. Find 
“the ratio of the times required to give them (a) the same momentum, 
a(b) the same kinetic energy, [ Equal times, 1: 4 ] 
68. A pile driver drops a ball weighing 250 kg from a height 
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of 5 m ona pile, the pile sinks 25 cm into ihe ground, What is the 
average resisting force of the ground ? : [ 5x 10¢ kef ] 
69. A stone weighing 2 kgf fell from a certain height during 
1:43 s, Find the kinetic and potential energy of the stone at half 
the height, ( g=9°8 ms") ; [982 J (both) ] 
70. A stone is thrown horizontally with the velocity of 15 mst 
from a tower with a height of 25m, Find the kinetic and potential 
energy of the stone in one second after motion begins. The mass 
of the stene is 0'2 kg. (g=98 ms=°) [ 32:2 J, 39°43 J, 
71, A stone is thrown at an angle of 60° to the horizon with a 
velocity of 15 ms-*, Find the kinetic, potential and total energy of 
the stone (i) in one second ofter motion begins, (ji) at the highest 
point of the trajectory, The mass of the stone is 0:2 kg. (g=9°8 ms7*) 
[ 6:65, 15°95, 2253; 5:75, 16:85, 22°55) 
72, The work spent to put a shot at an angle of 30° to the 
horizon is 216 J, In how much time and how far from the point of 
throwing will the shot fall to the ground ? The shot weighs 2 kgf. 
(g=98 ms-*) [ 15s, 191m] 
73. A material particle with a mass of 10 g moves along a 
Circle having a radius of 6'4 cm with a contant tangential acclerations, 
Find this acceleration if the kinetic energy of the particle becomes 
equal to 8 x 10- J by the end of the second revolution after motion 
beings, ` [01 ms“? ] 
74. A body with a mass of 1 kg slides down an inclined plane 
1 meter high and 10 m long, Find (i) the kinetic energy of the body 
at the base of the plane, (ii) the velocity of the body at the base 
(iii) the distance travelled by the body over the horizontal part of the 
route until it stops. Assume the coefficient of friction to be constant 
over the entire route and equal to 0°05, [49-J, 3:1 ms-*, 10m] 


75. A motor vehicle with a mass of 2 tons runs up a grade of 
1 in 25, The coefficient of friction is 8 per cent, Find (i) the work 
performed by the vehicle engine over a distance of 3:km, (ii) the 
power developed by the engine if this distance was covered in 
4 minute, [7x106 J, 294 kw J 
76, Find the power developed by the engine ofa vehicle with 
a mass of 1 ton if it moves at a constant speed of 36 km/hr, 
(i) over a level road, (ii) up a grade of 1 in 20, (iii) down the same 
grade, The coefficient of friction is 0:07, [ 69kw, 11-8 kw, 1:98 kw ] 
77. The constant force resisting the motion of a car, of mass 
1500 kg, is equal to one-fifteenth of its weight, Tf, when travelling 
at 48 km/hr, the car is brought to rest in a distance of 50 m by 
applying brakes, find the additional retarding force due to tbe- 
brakes ( assumed constant ) and the heat developed in the brakes. 
[ 1667 N, 833303 } 
78, A 100 Ib block of ice slides down an incline.5 0. ft long. and: 
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3-0 ft high. A man pushes up on the ice parallel to the incline so 
that it slides down at constant speed, The coefficient of friction 
between the ice and the incline is 0-10, Find (i) the force exerted 
by the man, (ii) the work done by the man on the block, (iii) the 
work done by gravity on the block, (iv) the work done by the 
surface of the incline on the block, (v) the work done by the 
resultant force in the block, and (i) the change in kinetic energy 
of the block, [ 52 lbf, —260 ft-lb, 300 ft-lb, — 40 ft-lb, 0, 0, } 

79, A running man has half the kinetic energy that a boy of 
half his mass has, The man speeds up by 1 m/s and then has the 
same kinetic energy as the boy, What were the original speeds 
of man and boy ? [ 2'4 ms-*, 48 ms? ] 

80. Show from consideration of work and kinetic energy that the 
minimum stopping distance for a car of mass m moving with speed v 
along a level road is v*/2u,g, where yu, is the coefficient of static 
friction between tyres and road, 

81, A fielder at ‘cover point? throws a cricket ball with an initial 
speed of 60 ft/s Wicket keeper at the same level catches the ball 
when its speed is reduced to 40 ft/s. What work was done in over- 
coming the resistance of the air? The mass ofa cricket ball is 
5} 0Z, [ 10-74 ft, lb } 

82. What power is developed by a grinding machine whose wheel 
has a radius of 8 inch and runs at 2 rps when the tool to be sharpened 
is held against the wheel with a force of 40 lb? The coefficient of 
friction between the tool and the wheel is 0°32, 

83. A body of mass m accelerates uniformly from rest to a speed 
vin time t, Show that the work done on the body as a function of 


time T, in terms of v and t is 4 m L T; 


84. A wicket-keeper catches a cricket ball of mass 100 g moving 
horizontally at a speed of 40 ms-=1, If his glove moves back a 
distance of 20 cm while bringing the ball to rest, what average force 
was exerted on his hand 7 [40N] 

85, A crane lifis a 1500 Ib steel beam toa height of 44 ft in 
10s, Find the horse-power developed. (H S, ’67) { 12 hp. J 

86, What should be the hp of an engine which is intended to 
pump 250 gallons of water per minute to a height of 40 yards 
(1 gallon of water weighs 10 Ib ) (H.S. 61) [91 ip. § 


87. A lift weighing 2000 kg rises from rest in the ground floor 
to the fifth floor, a height of 20m. As it passes the fifth floor, it 
has a speed of 4 ms-*, There is a constant frictional force of 10 kgf. 
Calculate the work done by the lift. [41x 105 J} 

88. A particle is falling down a rough inclined plane, Assuming 
the frictional resistance to be 0-2 times the normal reaction and the 
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angle of the inclined plane to be 30°, calculate the acceleration of the 
particle, Calculate also the change in the sum of the kinetic and 
potential energies as the particle falls through a length of 1 m along 
the inclined plane, The mass of the particle is 1g. Take 
g=980 cms-* (J. E, E. 82) [32026 cm s-*, 1666 erg. ] 


89, A bullet of mass 2 g and moving at 500 m s* pierces a plate 
and moves on with a velocity of 100 ms-*, With what velocity 
would it emerge if the plate had only half its thickness ọ It may be 
-assumed that the work done in piercing a plate is proportional to its 
thickness, ; [3606 ms-* J 

90, A ball flying at a velocity v, =15 ms-* is thrown back by a 
«racket in the opposite direction with a velocity v,=20 ms~*, Find 
the change in momentum of the ball if the kinetic energy changes by 
AB=8'75 Joule. (J.B. E.’84) [ 3'5 kg ms-*] 

91, An engine working with constant rate draws a train of total 
mass 600 tonnes up a plane whose inclination to the horizontal is 
sin-* (45). If the frictional resistance to the motion is 5 kgf per 
tonne and. the greatest speed up this incline is 10 ms~+, calculate the 
ipower of the engine in killowatt, (J. E, E. 81) [735 kw. ] 

92, A horse pulls a cart with a force of 50 lbf at an angle of 

30° with the horizontal and moving along with a speed of 6 mile/hr. 
How much work does the horse perform in 10 minute y What is 

_ Ahe power output of the horse in practical unit p (J. E. BE. 62 

[ 2'287 x 105 ft Ib, 0:693 hp. } 

93. A vertical shield is made of two plates of wood and iron 
respectively, the iron plate being 3 cm and the wooden plate 6 cm 
thick, A bullet fired horizontally goes through the iron plate first 
and then penetrates 3 cm into the wood, If the shield is reversed the 
same bullet with same velocity goes through the wood first and then 
penetrates 2cm into the iron, Find the ratio of the average 
resistances offered by the iron and wood, [3eLy 
he 94. A water-fall discharges 10° cu,ft/s from a height of 200 ft. 
If 75% of the available energy at the bottom of water-fall is converted 
into power, calculate hp developed, - Take 1 cu,ft of water =62'5 Ib. 

If this power is utilised to raise water from a tube-well of depth 
600 ft, find how much water can be raised per second, (J. BE, 69) 

; be, [ 17-046 x 10* hp, 250 cu.ft ] 

95. A vehicle weighing 7 metric tons with its engine shut-off 
‘moves down an incline 1 in 35 at a constant speed of 20 km/hr, 
What amount of engine power in hp, would be required to drive the 
Vehicle up the same incline at the same speed, assuming frictional 
‘resistance to be the same in each case? (J.B, E,°80) [292 hp. ] 
k 96. An ideal massless spring can be compressed 1 m by force of 
100 N. The same spring is placed at the bottom of a frictionless 
inclined plane, inclined at an angle of 30° to the horizontal, A 10 kg 
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mass is released from rest at the top the iacline and is brought to rest 
momentarily after compressing the spring 2m, Calculate(i) the 
distance through which the mass slides before it reaches the spring, 
(ii) the velocity of the mass just before it reaches the spring, 
(g=10 ms-*,) [ 4m, 4:47 ms=* ] 
97, A force of 51b is found to stretch a door Spring 6 inch, 
What is the potential energy of the spring when opening the door 
stretches it 18 inches 7 [ 11°3 ft Ib J, 
98, Water is to be pumped to a tank 27°8 ft above a reservoir, 
The bottom of the tank measures 5 ftx5 ft, What work is to be 
done in pumping water to a depth of 4-4 ft in the tank, If the power 
of the pump is 0'5 kw, what time will be required for the work ” 
(J. E, E. °76) [ 2°06 x 10° ft-lb, 17 min, 18s}, 
99. 400 kg of air moving at 20 ms*~, impinge on the vanes of a 
windmill every second, At what rate in kw is the energy arriving at 
the windwill ? What is the maximum mass of water that could be 
pumped each second through a vertical height of 5m? ( Take 
g=10 ms-*) (Oxf, Univ.) { 80 kw, 1600 kgs~* J 
100, The human heart forces 60 cm” of blood at each beat 
against an average pressure of 12 cm Hg, If the pulse frequency is 72 
per minute, calculate the power of the heart in watt, ( Density of 
mercury = 13°6 g cm~? ), (lus w.j 
101, A block of mass M with a semicircular track of radius R, 
rests on a horizontal frictionless surface, A uniform cylinder of 
radius r and mass m is released from rest from the rim of the truck, 
The cylinder slips on the semicircular frictionless truck, How far 
has the block moved when the cylinder reaches the bottom of the 
truck} How fast is the block moving when the cylinder reaches the 


bottom of the truck 7 (11 T.83) [RSP E VERT | 


102. An upward force F= 196 N is applied upon a body of 10 kg 
till it is raised vertically upwards by a distance of 10 m, Calculate 
the work done by F and the work done against the gravity. Here the 
work done by F is much greater than the gain in gravitational potential 
energy. Show using clear calculations that the law of conservation of 
energy is quantitatively satisfies here, (J. E, E, ’78 ) [ 1960 J, 980 J J, 

103. A bullet of mass m, travelling horizontally with a velocity 
v struck a heavy wooden block of mass M and got struck into it, 
The combined mass then began to move in the same direction, What 
fraction of the kinetic energy of the bullet will be retained as mecha- 
nical energy after the collision, What will happen to the remaining 
part?  [ m/(m+M), will be converted to sound and heat energies, } 

104, A ballet of mass 20 g travelling horizontally at 100 ms~, 
embeds itself in the centre of a block of wood of mass 1 kg which. 
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is suspended by a light vertical string 8 m in length, Calculate the 
maximum inclination of the string to the vertical, cos 37°=0°8038. 
[37°] 
105, A test tube of mass 15 g, closed with a cork cf mass 1 g 
contains some volatile liquid, The test tube is suspended by a string 
of length 8 cm, What is the minimum speed with which the cork 
must fly off on heating the test tube so that the tube may 
describe a full vertical circle about the point of suspension? Assume 
that the string always remain taut. [ 26°56 ms-* ] 
106, A hemisphere of radius 1 ft and weighing 12 lb is placed 
on a table with its circular base in contact with the table, How much 
work has to be done in turning the hemisphere upside down ? [3 ft-lb] 
107. A uniform rectangular parallelopipied of sides 1, 21 and 
4] lies on a horizontal plane on each of its three different faces, in 
turn, What is the potential energy of the parallelopied in each of 
these positions? Which position is the most stable 
[2 mgl, mgl, $ mgl; when lies on the large face ] 
108, A sheil of mass M is moving with velocity V, An internal 
explosion generates an amount of energy E and breaks the shell into 
two fragments whose mass are in the ratios m,:m,. If the 
fragments continue to move in the original direction of motion, 


show that their velocities are V+ whe 2 TE and V— a 2m, E, 
mi m,M 


j 109, A shell of mass 10 kg moving vertically upwards explodes 
into two pieces when its velocity is 22'5 ms-? and is at a height of 
236 m above the ground, The lower piece of mass 25 kg returns 
to the ground in 1'5 s after the explosion, Find how much higher 
the upper piece of mass 7'5 kg will rise after the explosion, Find 
also the energy of explosion, [ 54°86 m, 1588:47 J. ] 

110, A ball with a radius of 10 cm floats i : its 
centre is at a height of 9 cm, above the surface of meee hes won 
should be done to submerge the ball upto the diametral plane 7 

111, A cork 05 m1 ae 

i ork O'S m long is drawn slowly from th 

bottle, the force exerted at any instant being prepiorticaal to the oe 
of the cork in contact wlth the bottle, If initially the whole of the 
cork is in the bottle and the pull at starting is 0:45 kef, find the 
work done in drawing the cork out. È 5:56 J. ] 

112, An acrobat jumps on toa net from a height ; 
what minimum height should the net be stretched kee Bese a 
that the acrobat will not hit it when he jumps ? If the acrobat jumps 
down from a height of 1 m, the net depresses by O'S m, [123m] 
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GRAVITATION AND GRAVITY 


It, Introduction. 
We have stated, before that ,one of the fundamental, properties 
of matter is that two pieces of matter always attract each other, 


_ The property. by virtue of which this happenes is called gravitation. 


Matter anywhere ia, our limitless universe has this property, 
« When the: attracting body is our-earth the, force of attraction ‘is 


called’ ‘gravity. Gravity is ‘thus the pulk of the 'eurth on any-body. 


Theoretically this pull extends to infinity, but practically “disappears 
at a distance equal to the diameter of the earth from its center or 
the radius from its surface, 


Il-2. Law of Gravitation : 
This law first enunciated by Newton (1687) i8 one of the most 


' important in Physics and’ provided the bed-rock’of that fascinating 


branch of science, Astronomy, This Jaw, called the universal law 
of gravitation, states that 7, 

Every material particle in the universe attracts eyery- other wits 
a force F which varies or af show 

(i) directly as the product of their messes (mima) & 1-11 

(ii) inversely as the square of their separation (r) and, 

»@ii) acts along, the line joining the two particles: 
In symbols we may write, 
Fem,m,/r?, of F=Gmymo!r*.. or F=G(mym,/r*)r (11-1, E) 

where Gis the variation constant called the universal constant. of 


“°gravitation and r the unit vector along the line joining them; 


„Note that (1) the law is one of force and not of motion, Tt spécifies 


the magnitude of the gravitational force irrespective of whether the 
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pair is in motion or not, or even how they are moving; (2) the 
forces are mutual action and reaction equal in magnitude, 
measuring in fact the strength of interaction. This mass symmetry 
means that if the earth pulls the moon or any other body, it will be 


Į ; Į 


m4 i ? mo 


Fig. 1-11 


‘pulled’ by án Equal’ and Gpposite force, That the earth does not 
move towards the falling apple, is because of its far greater mass 
„2nd hence very small acceleration, as we haye noticed before. The 
“equal and opposite interaction js illustrated in fig 11-1.1, 


og Newton's Verification of the Inverse Square Law: Newton had arrived at 
this law from Kepler's laws of planetary motion ( II-1.15); To verify this, he 
introduced the then novel idea, that the centripetal accelration moving the moon 
“round the earth is the force of! gravity, and found the pull of the earth on the 
“moon. Heyassumed * that (1) Masses of earth and moon are concentrated at 
their respective centers and @) the Lunar orbit is circular, The moon circulates 
„Found the earth in 27.3 days and their centers are apart by about 60 times the 
earth's radius. So he argued that according to the inverse square law, the pull 
of the earth on a body on the lunar surface would be about (1/60)? of the pull’ on 
the same body on the earth surface. That pull provides the centripetal accelera- 
tion of the moon towards the earth, which is’ 5 IR I 
s o'r=(4r |T" )r= [4m9/(27.3 %86400)?] x 60x 6.37 x 10° m =0,00271 km/s? 
7 Here, to remember :_:1 hour=86400s. and. radius of earth 6,37 million metrese 
Now value ofg on the surface of the earth is 98 m/s, Hence A 
€160" =9.8/3600 = 0.00272 km/s? =the earth's pull on the moon. 


The identity of the two values justified Newton's assumption. Thus was 
unified the terrestrial’rétation of a’stone ‘at the end ofa) string’ from your finger 
and the rotation of an astronomical body the moon, round the earthy. 

H-1.2. Definition of G 2 °If/in'otlte- expression forthe: law of 
gravitation We put mi =m, =1 and pe I) we get F=G, Thus G may 
be defined as rhé force of attraction’ between” two unit point masses, 
unit distance apart. Its numerical vale depends upon the system 

“of units in which the miasses\and their sepafation\are measured, 


dpe 


* He later mathematically proyed that (2) mass of a sphere, solid or hoilow 
_ aay be taken to be concentrated at the center and (2) the orbits of moon and 


other Dlanéts ate very nearly circular: Their ellipticites are very small, less than 
* about 0.02)" a MOURN scr 
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Values of GQ: i Iny the cgs system. we shall have twor point 
-- particles of mass 1g each at a Separation .of 1 cm, and.they would 
be attracting each other with a force of 6.07 10-8 dyn. In the mks 
system, the point particles of mass 1 kg each when separated by 1m_ 
would be attracting. each other with a force of 6.67 x 10-11 N, 
Inthe fps system two point, masses 1. lb.each at a separation of 
1. foot,would.. be attracting each .other.with.a force of 1.069 x,10-9 
poundals, Thus i iw 
G=6,67% 10-8 dynes=cm?/g* = 6,67% 10-11 Newtons m*/kg? 
= 1.069 x 10-9 pdl-ft*/lb* = 6,67 x 10-8 om? gisa K 
= 6.67. x 1072 m%kg-1s-2 
Though thus G appéars to’ be a very small quantity it is the 
force of gravitation that keeps. the «moon moving round. the earth, 
the latter round: the ‘sun and the last round the center of the Milky 
Way, our galaxy. This can happen only because of the enormous 
masses involved. If an iron cable can Support 10 metric tonnes 
(=104 kgf) it will require many more than a thousand billion 
(=1015) such :cables to hold the moon to the earth, should by 
chance, gravitation cease to act. 


Dimension of @: From the equation II-1.1 we note that 
G= Force x (distance, */(Mass)* = MLT~* x L3/M® =M-1.L°7-2 
Remember, G is.a scalar quantity. 


Ex, IL, Two Spheres of masses 160 and 20 kg. when at @ separation of 
40 cm between their centres attract each other with a force of 0,14 mg-wt. Find 
the value of G 


Gm Fr? _ (0,14 10-8 x 980)(40)2 
mm’ ~~ 160% 10* x 40x 10° 


=6,.86 x 10-8 cgs units 


Ex, I-12, Ah drogen atom has a proton (mp=1.67 x 10-**5) as its nucleus 


round which revolves an electron (me=9.1 x10-**3), the diameter being 1 Aa or 
1O-* cm. Find the forces of gravitational and elécirostatic attraction between 
them and their ratio, Charge on both particles=4.8 x10 e.s.u- units 
Fo _G mm |r? 
Es qa'il’ 
m (6.67 x10 * x 1.67% 10524 x 9.1% 10-2 ®)(10-*)2 
(48x 10719) 71073)" 


= 12.77 X10710 dynes _ 5 x 10-40 
23.02 10 #° dynes We z J 
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This is why gravitational attraction is ú" weak, while the ‘electros- 
tatic. one is a strong force but the range of the former is incom- 
parebly larger, t : 


` Prob: (1) : Suppose aman is measuring a force taking gravitational attraction 
between Unit masses at unit separation as the unit. What then will be the value 
‘of G according to this new unit ? (Ans, 1,510"), [J E; En'76) 


*(2) 0.1 ing wè. of attraction acts between two spheres of massés”’40 and 15 kg 


when their centers are 20cm apart. Find G, (Ans. 2654x 107° cgs units} 


“Determination of G@:! The.value of G iquoted’ above has been 
experimentally “determined by many methods though the quantity is 
so very small, We describe below in short the first’ such) determina- 

sition by Cavendish (1798) using a torsion balance (Fig, I1-1,2) 


. A pairlofismall gold spheres (mjm) are’ fixedeto two ends of a long Aight 
) horizontal rod. The rod is 
suspended at the mid-point 
by a long thin quartz fibre 
from a rigid support Two 
Targe lead’ spheres M-M aie 
placed on two sides of mj m 
such, that the . attractions 
produce a torque on the rod 
and twists the fibre!’ The rod 
comes to rest when the 
Testoring torque by the 
twisted fibre equals the 
U . i . deflecting gravitational torque 
‘ 4 ty on the Sa A lamp and scale 
arrangement measures the angle of twist from which G can be determined. Very 
mae experiments (repeated 29 times) gave to Cavendish, G=6.72x 10-" egs 
units. 


Il-1,3, Universality of the Law of Gravitation ; 

This law, is applicable anywhere and everywhere nay at all. times. 
Among the very few universal constants like h ( Planck’s constant } 
or c (velocity of light in “vaetum) ór ‘electronic charge e, the 
Gravitational constant G is one, For : 

(1) The law holds for all badies, big or small, terrestrial or 
astronomical, material or even immaterial (like Photons, neuirinos- 


etc) ; no exceptions have been noted, _ It truly sembraces all masses 


from an electron, to the sun, Stars, galaxies, 
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(2). For Separations from ‘atomic: to: stellar mageitndes, ie 
inverse square law has been found to hold accurately, p 
(3)’ The attractive force and G is independent of time, 

(4) Change of separating medium does not affect the ipeni 
of the force nor the value of G. On both counts, »it:differs: fromthe . 
other inverse square’ Jaws, the Coulomb forces in ¢lectro- and 
magnetostatics where the nature of medium changes both the force 
and the medium constants K and yw. We see thus that G js 
independent. of permeability of the separating medium. 

(5) The material of the attracting bodies, their, shape, volume, 
state of agregation (solid, liquid or. gaseous), chemical composition, 
temperature, pressure, in fact-no external.or internal factor can. affect’. 
the “magnitude” of the force or G, Ye, they “are independent of 
susceptibility in any form of matter. 

(6) -Gravitational force has no directivity of. anisotropy. i-e.. 
matter- may be) crystalline or) amorphous or the forces. may vias 
measured in any direction, without G changing, 

We'so conclude that’ the gravitational ‘force depends only on 
‘the masses of interacting bodies and the uty ar! of their centres — 
of mass, 

Newton derived his law of gravitation (1687) from Kepler's laws 
of planatery motion (1609-18) and satisfied himself as we have seen 
‘above, of the validity of his law of inversé square by calculating 
the value of g On the ‘lundf surface,”! Later astronomers applied it 
successfully in “explaining the perturbations ‘of ‘smaller planets’ in 
their orbits by the attractions of giant planets like Jupiter and 
Saturn They were also successful in calculating the orbits and ~ 
hence ‘appearance times of comete, The planet Uranus had been 
discovered accidentally’ in 1802; ‘but the farther planet Neptune was ~ 
located by Adams and Leverrier Aeteintik (1846) by calculations’ 
from the ‘perturbation’ it’ produces on the motion of Uranus in © 
accordance with the inverse square law—an awe-inspiring triumph 
of the law of gravitation, 


* You must be aware of the appearance of Halley's comet early this year 
41996) which had come 76 years ‘before in 1910, ‘The Chinese astronomers had 
recorded it almost a thousand years back, 2 
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' The most outstanding technological achievement of to-day, the y 
artificial satellite had already been foretold by Netwon 300 years back, 
based on this law of gravitation: `E 


Discrepancies: In a very few and highly specialised cases only these have 
been noticed ; for example 3 

(i). At separations of less than atomic diameters :{(<107° m)-the law fails. 

(fi) In a very very strong gravitational field e.g, close to the sun the law 
fails. There is no explanation of a slow change of the plane (technically, 
precession) of the orbit of Mercury, the planet closest to the sun. ~ 

(iii) Its universality fails for particles moving very fast ie. close to the: 
velocity of light, for thea their masses are no longer invariant (constant). bis 

(iv) According to Newton gravitation spends no time in reaching the farthest 3 
point, But we know that nothing can move faster than light (=3x 10° m/s) [If 
the sun suddenly loses its gravitation we shall know of it more than 8 minutes. 
later ], So gravitation propagates with a finite velocity, 

These discrepancies are very small very specialised, very few. compared to the 
credit side,’ which number legion! All of these except the first have been 
satisfactorily accounted for by Prof, Einstein’s Theory of Relativity which includes 
Newtonian mechanics as a very satisfactory first approximation, 


No satisfactory. explanation ,has yet. been put forward to explaim 
the phenomenon, of.gravitation. Quantum. mechanics, has explained. 
how and why electric and magnetic forces work but could not explain. 
gravitation which is said to be a fundamental force” for its idea is not 3 


forthcoming from any other force, The search is still. on for the so~ 
called Unified Field theory, 


I-14, Gravitational and; Inertial. mass: -Mass as- defined in i 
Newton's second Jaw (m= FJa) is called the inertial mass—for itis 
a measure of inertia, Mass as it appears in Newton’s law of gravita- 
tion is called the gravitational mass, : { 

A force of push or pull (F) produces an acceleration a on a mass 
m independently of whether gravity actsonit or not,. The force wW. 
on a body of mass m with which the earth attracts it is W=mg.; This a 
relation enables. us to. measure the gravitational mass of a body by | 


q 


* In nature there are only three other fundamental forces—electromagnetic,. 
molecular, nuclear. Of the four, gravitation is the weakest yet ranges the farthest. — 
Successive forces grow progressively stronger but operates over progressively A 
shrinking distances, , Molecular forces range ever 102m while the ‘nuclear over 
10-45 monly. All the. four, fundamental forces ,appear to be independent of 
each other, j v Gasenortt g : 
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balances, either spring or common, Inertial mass is measured by. 
finding „the ratio of the force applied on, a body and the acceleration | 
generated—a far more difficult task, It struck Newton whether “the: 
two, masses are equivalent, He utilised a hollow pendulum bob. to. 
test the point, 


SIRAT 


‘Now, a\pendu!um bob displaced from its equilibrium position ds „acted: upom 
by a component W sin ¢ (=meg sin 9) towards that position From Newton's. 
second law we. say that force is mya. Hence equating the inertial force to the 


restoring force we have "W 


ETUR oœ- mag (xli) Eqn, 1-5,10.1 derivation } 


a= —(moglmrl) x= —0'X 

jor, Te2r Jm rljmag l ‘ j (U-1.4.1) 
Now Newton filled up the hollow bob successively with equal weights (mag), 
(aş determined, by a balance) of diferent, substances. As ypne material replaced , 
another, any change in T could be due only to difference in my, the inertial mass 
Newron found no change and perforce had to conclude that they ate equal i.e.” 
equivalent. Eotvos in 1909 and’ Dicke'in 1964 could detect no difference between! 
inéttial tind gravitational masses to an acturacy of Lin 10%, Classical physics 
attached no significance’ ‘to: ‘this equivalence but it provided.a clue tonthe: 
emergence of the theory of relativity, They are not distinguishable though, 
gravitational mass is meaningless i in gravitation- free space where however inertial 

mass (=F/a) would existe ©, 


Il-1:5, . Gravitational attraction between Extended bodies : fn 
formulating the law of gravitation Newton envisaged two particles ie. 
masses,that are small enough to be represented by geometrical points. # 
Ma'erial bodies can hardly be so small, But there is a way, out ; if 
their dimensions are small compared to their separation the bodies can 

taken as point masses, Two. bodies of dimension 1 cc, when 
separated by 100m can be taken as particles, but, not when they are. 
say, 5 cm apart, For then, each particle of one body attracts each 
particle of the other along Hines joining each particular pair, Thus the 
total attraction between two such bodies is the resultant of @ very 
latge number of forces of different magnitudes and directions. To 
find that resultant is almost a hopeless task. A 3 p 


: Attraction between two spheres $ But in one case such» is: not 
the case, * If the bodies ‘are both spheres, calculation of “attraction” 
becomes very easy, wha‘ever be their separation, For then, their 
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whole mass may be taken to be concentrated at their centers, and “ihe 
attraction equal to that between these concentrated point masses, + 
Even if the spheres be big and in confact, this ‘relation’ therefore still 
holds, It also holds’ whethér the sphere is “solid or “hollow!” the 
‘material be homogenesus or heterogeneous, 


Let there be two spheres ‘of radii aand a’ and. densities pandp’, 
‘Then their masses would be M=$xa%p aid M’=$xa'°p') “Now 
whatever be these radii their minimuni separation is a+a’. If the 
sphere centers be at this Separation or any value R greater than this, 
the gravitational attraction between'them would be F2GMM /R?. 

This result is used to'find the force of gravitation between the sun 
and the planets, planets and satellites wher they sate taken as homoge- 
neoits spheres, their masses concentrated at their centers; Tf the attracting 
‘bodies be shaped otheiwise, ‘their’ masses would be taken’ ¢oncentrated 
at respective centres of mass so that they become particle masses, 


Provided however. their separation much. exceeds their dimensions, — 


Ifa small body rests on a sphere, calculations are.carried out by 
taking the mass of the spheré as concentrated at-its center and that,of 
the body at its’cetiter of mass, 

Newton had arrived at two ‘important conclusions When finding the 
Sravitational forces for a sphere, namely, 

(9 For a solid sphere 6f & Spherical shell, ‘at’a point” Sutside, its 
entire mass can be taken as concentrated at its center, The same 
holds if the sphere is made up of concentric’ shells of materials of 
different densities, : xa Bod 

2) Inside a homogeneous hollow shell no attraction exists ‘at any 
point. In other words inside a hollow spherical shell gravitational 
field does not exist and so potential is constant. : 

These conclusions hold also for charged and magnetised spheres, 

TI-1.6 . Gravitational, Field and Potential, 

o Any. body is attracted by a nearby body, - The Tange. over which 
this attractive force is felt is called the gravitational field of force, 


T% itis said that Newton had artived at the law-of Stavitatioh in! 1666 when 
he was only 23, but did not publish.his results for more than 20 years for it took 


him that long to prove to his own satisfaction that a spherical mass can be. 


replaced ‘by concentrating the mass at its center. 


a 
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Bigger is the mass of a Body more extended is its gravitational’ field: 
For example, all the planets and their satellites in our solar system 
move in the gravitational field of the sun. Thè moon’ and other : 
artificial satellites are subject to: the gravitational field of the earth, 
distinguished as the gravity field: - As the gravitation. force. is. very’ 
weak; the gravitational fields‘of earthly bodies are very ‘limited’ in’ 
extent, : fi 

We can’ introduce the idea of gravitational potential-as: follows : If 
a very small mass m is kept near a*heavier mass M then’ the former 
feels attraction ; jif.mr moyes)under it- towads-M gravitational force 
does work on m; if it isto be moved away, an external agent must 
apply aforce;and:do work on msagainst gravitation. Potential is 
then that property-of the gravitational field because of which work 
is required to move a very:small mass near a static mass. 

The intensity‘of the gravitational field or field (inshort) at a point’ 
is measured by the attractive force acting on a unit point mass placed 
at that point, The potential at that point is measured by the work 
doné'in removing a point mass from that poifit to infinity, In symbols, 
they are j 


(Fa) =G x1 OMR a anaana TS 

e be Í { re 

and U= f dWa— | GM, dR=GMJR :(1I-1:6;2) 
R By. Ate 


negative sign undicates an attraction, 


Gravitatioaal, Electric and) Magoetic fdrces + Theintroduction of the ideas) of- 
gravitational field and potential comes from thoserof electric and magnetic cases, 
in all of them, forces act from a distance and hence they are field forces, But in 
mechanics forces are not effective till the bodies touch, e.g. frictional or impulsive 
forces. These latter dre contact forces, as we have already noted, 

Physics deals with and seeks to analyse the twu fundamental forces, those of 
electromagnetism on one hand and gravitation on the other; for they embrace 
most of the phenomena we can readily perceive. You shall later learn that 
Coulomb laws of electric or magnetic forces between point charges or poles jare 
formally very similar to Newton's law of gtavitation— 4 

Fg=+gq'lkr`, Fu =+mm'|pr? and Fa=-GMM'IR 
—each of them being of inverse square law type. The same law governs 
fotation of planets round the sun and that of an electroh round an atomic 
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nucleus—both in. elliptical orbits, Just try to grasp the difference in scales, 
involved ! ¥ ms a ois 

They differ, however in details eg. (1) „Gravitation is only attractive: I 
(indicated by the ~ye sign) while the other two may be repulsive (ie. +ve) as | 
well; (2) Gravitation is a weak force while the others are much’ stronger; 
(3) Range of gravitation inchides the known universeibut that of the other two. 
are much restricted ; (4), G is a universal constant independent of permeability: 
directivity and susceptibility of the medium (making gravitational shielding 
impossible) whereas K and # are constants depending on these properties of the 
Separating? media; (5) G appears in the numerator while p and K in the 
denominator of the expression for the force, 

‘I-17. Force of Gravity or “Gravitational attraction of the 
earth: In accordance: with the law -of universal gravitation the. 
earth’ attracts all bodies on’ its surface witha force. proportional 
tothe mass yn ofa) | body, i Considering’ the» earth to: bev al 
homogeneous» sphéte! of radius Re ahd mass" M, the: gravitational | 
attraction W it exerts on a body omits surface, is, given, by 

ated We Aa ati?) 
_ This force, the force of gravity is, directed, towards the centre 
of the earth and is often called the weight of the body. + Moren 
correctly, the weight of a body is the force it exerts on anything 
that supports it, Wecame across this Wea in the investigàtion of 


accelerated lifts, Later we shall retu to it\ in discussing 
weightlessness in satellites, i] | 


We have also seen that a body falling freely under gravity, does 
so with a constant accelerration, accelenition due to gravity denoted 
by g. Hence by -Newtons second? law of motion, the weight W of 
a body of mass m is given ‘by W= mg. - 

“1 mg= GMm|R* OL g=GM/R* (IF-1.7.2) 

This relation tells you'why gis 'a constant acceleration, It is so 


asg depends on G, a universal constant and mass and radius of the 
earth, both constants, aia z ? 


= Mass% of the Earth? This cam be calculated easily from eqn. 
TL-L,7.2 as we know the values of g (29,81m/s*), G (26:67 x 10-2"" 
mks units ) and R (= 6,37 x 10°m~6400 kim ) We obtain the mass of 


h to be M,= 5 96 X 107" kg. 


aa Th 


bre sais 0 DISTO 
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If pm be the mean density of the earth, it being taken asrigid 
sphere* then M,=42R"pm. Substituting values we get P,= 
5,5gicem® or 5.5% 10° kg/m’, But the density of rocks that make 
up most of the earth’s crust ranges from. 2,5 to 3,5. g/cm*, . Hence 
the interior of the earth must be made up of some heavier ‘stuffy 
The earth thus is not really homogeneous porexactly a sphere, 


g on the Moon: Relation II-1.7.2 applies to any attracting sphere 
of mass’ M and radius R, for example the moon, The mass of the 
moon is 1/81 (=1.23x10-*) of the earth’s ‘mass and its radius- 
is 1.98 x 10°m. Then i i 

DLE a4 J i 

gi fim 6 61X10 ierat Etim $ 

which is about 1/6th that of ge Hence if a person clears a high 

jump of about 2 metres or 6 ft on earth, he will easily clear a 
building about 36 fect (nearly 3 stories high), © 


Problem; If acceleration due to, gravity on a planet is 196 cm/s? find what 
height is safe to jump down there, ifon earth the safe ‘height is two metres. 
Ans. 10 tm). >> (LT, "72 

Ex. Il-13: Find the point'where on the line Joining the earth and moon the 
resultant pull ona probing rocket would vanish Given that earth is 81 times 
as massive as the moon aed theie centres 0,384 million kilometres apart, 

Ans, Let the required point be r million km away from the centre of our 
earth. Then the field intensities there due to the earth and the moon are equal 
and opposite. An astronaut bound for the moon enters = lunar gravity fleld 
as i crosses the pa So 


GM: GMmii 
ina * @384- r)’ 
5 .384—r)? Mm | or 0.384 1 
tte Oe Mma agp et i mam hig oF 0,384 [r= 10/9 + 


s'e  7= 0,384 x 9/10=0,346 million km. 


a in discussing uniform circular motion we have noticed that it is not so and 
why. It was then regarded as an oblate’ spheroid,’ Investigations or gravity 
survey by satellites has revealed that it is not that either) It.is (now called @ 
geoid, meaning shaped like the earth,! 

** Scientists surmise that the core .of, the earth,is a,small solid iron-nickel 
sphere surrounded by a much thicker molten iron-nickel belt, As they contain 
free electrons moving in circles with the spinning earth, the magnetic field of the 
earth arises, Except Jupiter.none of, the planets, boast of a magnetosphere as 
our earth does, 


12)! PROPERTIES OF MATTER) 


Problem The sun has a’ masscof 2x 105° kg and earth 6X10?" kg... Their 
centers, are 1 A.U. (Astronomical unit, the mean radius of earth orbit 
= 1,50 x 10° km) apart.. Find the distance of null (nil) gravitation on the radius 
vector joining them. z [Ans. 0.263 million km from Earth centre), “ 

Note that the sun-earth null-gravity point is closer to the earth than that for | 
the earth-moon pair. 

11-18. Motion under Gravity : 

Grayity is the force with which the earth attracts any body 
towards its center, Aristotle (384 B.C-332 B,C.) the private tutor to 
Alexander,and the greatest man of science in, ancient Greece, taught 
that heavier bodies fall to the earth faster than lighter bodies—a 
fact of observation. This was disproved by Galileo (1589) nearly 
2000 years” later when he let fall from the uppermost balcony of the 
Leaning Tower of Pisa, two pieces of stone, one heavier than the 
other and the two reached the ground together, He declared that all 
bodies when falling from rest fall through the same.distance in. the 
same interyal of time. In proving this quantitatively, he diluted 
gravity (g sing) by letting spheres roll dowa gentle inclines and 
timing their descents, with water clocks, 

~ Galileo’s (1564-1642) work was.extended by Newton (1642-1728), 

He devised the well kaowa Guinea and Feather experiment, \ Initia 
heavy coin’ and a ‘light’ féather was'allowed to fall through a long 
glass tube from which air had been pumped out, With’no air inside 
the two were found to fall and reach the bottom together, But the 
fall of the feather slowed down on admitting air inside, This proves 
that if a falling body is not retarded by air, allbbodies light or heavy 
will fall together under gravity. Hence bodies falling under gravity 
come down ‘with the same constant acceleration, This follows from 
the relation IT-1,7,2, 


A. Laws of falling bodies From a study of falling bodies 
Galileo concluded about the nature of their. motion which are 
known as the law of falling bodies, These may be stated as follows. 

When a body falls freely «from rest'under gravity 

(i) all bodies traval equal distances in equal times, 

(ii) the velocity of a body is proportional to its time of full, and 


«A freely falling body is one that is acted on by no force other’ than gravity. 
'he resistance of the medum through which the body is falling, is ignored, 
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(ili) “the distance’ travelled in \a‘given® time is Proporre 
square of the time." n Witenes 
‘BY Freely falling bodies Kave thé samé constant ‘acceleraton : 


i£ From law (ii) above, for'a given body ‘yé r, Therefore v/t is ‘constant, 


But v/t is the’ time rate’ of change of velocity, i.e., thes acceleration. 
Thus we conclude ‘from law (ii) that the: decolirtttion ofa freely falling 
body’ is’ constant/\°We Have ‘now to show that this constant has. the 
same value for all bodies, “7 ' 
(Since the body starts from’ rest and’ moves with: a constant 
acceleration we can put u=0 in the equation s= ut + hai? and get 
s=tai4, This shows that the distance traversed by the body i ina 


` given time is proportional to the square of time. This is law (iii) 


~ regions, Theoretically ‘however 


From law (i) we know that for a given s, tis the same for all 
bodies, Hence from the relation s= at? of the previous paragraph, 
awill be the same-for-all. bodies, i.e, all bodies falling. freely under 
gravity have the same constant acceleration (g). 


11-1.9. ` Gravity Field and Intensity : When the attracting ) body 
is the earth, the force is that’ of gravity, It'is just a’ special case’ of 
gravitational field, Since the earth attracts any body in its neighbour- 
hood, we postulate that a» gravity field surrounds ‘the earth.) The 
moon, the artificial’ satellites, the shooting stars'or meteorites, all 
move -in the outer regions of this field whereas balloons, aero- 
planes, bodies moving up and down’ nearer home, travel in itsi nearer 


like the gravitational, the gravity 
field extends to infinity, 

Intensity of this field at any 
point is measured by the pull our 
earth exerts on unit mass. If we 
put m=1 in the eqn, JI-1.7.2 we 
find that pull ~ becomes 
g=GM/R*, Thus g stands for 
both acceleration due to gravity 
as well as intensity of gravity— 
one an acceleration, the other 
a force, The ideas do not contradict, for from Newton’s second law 


Fig 11.3) Almin 
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‘acceleration comes out'to.be a force. on unit. mass), The idea of 
intensity of gravity is derived from those of electrical, magnetic or 


"gravitational fields; Difference lies im the fact that, whereas different 


charges, poles or masses may create different intensities at a given 


_ point} intensity at a given point in, the gravity field does not change, 


-for only the-earth creates this field.: So g in the vicinity of the earth 


thas a constant value at the same, distance from. the, center, i The 
lines along which a body falls to the earth can be taken sas- Jines..of 
force always directed towards the center of the earth: (Fig Ii-1,3) 


j 


_ Meses and Weight : These two widely used terms are very often 
synonymously used but they are fundamentally different quantities, 
‘The former is an intrinsic quantity while the latter an extrinsic 
one, 


" a 


Mass k i Weight 


i N Een ae piae 2 EL 

(1) Quantity of matter in a (1), The pull-on it by the 

body is its mass, It is, denoted | earth is the weight of the body. 

by m. It is denoted by mg. 

(2), Mass is a scalar, (2) Weight is a vector, 

_ (3)» Mass . measures inertia (3) Weight being, a force 
of a body. -It tends to oppose | tends to produce motion. 
starting or changing any. motion, j 

(4) Itisan intrinsic property (4) It is an externally gener- 
of matter remaining constant | ated property, and changes with 
everywhere and under all condi- | value of g. At the center of or a 
tions, unless they move very-very | an appropriate distance from the 
fast. earth, in far- away space and 

under suitable conditions—freely 
falling frames, floating bodies 
artificial satellites, it vanishes, 

(5) It may be measured (5). It cen be measured by a 
statically in a common balance | spring balance, statically only, 
against a standard mass or dyna- 
aically by collision with a known 
mass, 
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IF1.10) Variation of g: © datait omiani. CY 
‘But perfectly valid causes exist which change the value ‘of g, 
thoigh by a ‘stall Amott both on oF ned’ "abotir the! earth's ‘surface 
both'below and above. “They até detailed bélow. | < pine 
A. On the Earth’s surface: The yariation is due to fact that the 


earth is neither a true sphere for is it homogeneous 38 is found to— 

(1),inerease regularly with increasing’ latitude for the polar radius 
Rp =6357 km, is shorter by about 21 ‘Am to the equatorial radius 
Ryz= 6378 km, g therefore, has. the lowest value at the equator 
{9.78 m/s) and the highest at the poles (9.83 m/s), roughly about 0,5 
part in 100 more, In connection. with uniform circular motion we 
have already learnt why the carth is so deformed, 


(2) change abruptly at,some regions, These pockets of Sravity 
anomalies have been deduced from sudden dips in the’ Orbits “of ‘sate. 
lites overflying these areas: One such prominent anomal 
to the south of Indonesia, «It is surmised that it is due to 
undersea deposit of iron, 


y lies just 
a very large 


(8) Increase smoothly again with fatitude because of diurnal 
(daily) spin of the earth,’ The change can be understood with reference 
to the fig II-1,4, On the represen- 
tation of the globe a” great 
circlé parallel to “the equaor 
“(EFQFE) said "to bé a parallel 
of latitude, “has been indicated. 
Itis the base of a cone with 
Vertex at. the center (O), of the 
earth, All lines drawn from any 
point to’ the circle’ MGPG™M 
make equal angles with its corres- 
ponding equatorial radius, That Fig.) 114! 
angle is said'to be) the ‘angle of latitude (A)! -Lèt P be a point on the 
surface of earth and PO the line Joining it to the center of 
the earth, The angle POQ represents its latitude ), 


Now the points P ahd’ Q are both“ spinning once in 24 hours, 
Since their radii OQ and O'P differ, their angular Speeds must differ, 


s 
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Q spinning faster. Now P is rotating along a.circle.of radius; R/= 
Ros },and Qualong a circle of, radius Ra where Rg>R!. Remember, 
part, of the pull of the earth mg on a body goes to supply the required: 
centripetal force at any, point, , Hence the weight of a. body .at any 
point is the difference between the pull of the earth mg and the centri- 
petal force mor i.e. if gp is the true g (ive, if the earth be at, rest )i 
we have mg =mgr-—mo?r. 

oa (m8) 0 Smgy+'mo Ry sand! mgy=mgr— mo? 2408) 

= mg, = mo?(Rz COs A) Cos \=mo* Ry COs? 


LIITA = gr- o Racos g1 =" a, cos?) ) (H1-1,10 1) 
cw ‘Hence at the equator (,=0) the g-Value is minimum andis at the 
pole it is true g, for the point is not spinning. 

More than half the variation in g due tosthe latitude éflect is: 
«contributed by the spin ofthe earth,» 

: The above analysisis:more-readily understandable if you consider 

t “centrifugal, forces at Q.and P acting radially outwards, 

On a ship steaming fast due east along the equator, g is found tote slightly 
less than if it reverses direction ; for as the earth spins „west. to east, ship- 
speed i is added to that of the earth, this increasing the effective. w while it is that 
much diministed when the ship. reverses track, 

B. g above the surface of the earth. . As a body. is raised from 
the surface of the earth its distance from the center increases and 
hence g diminisles, „When it is ata height h from the surface of the 
earth it is (R+h) away from the center, If ga and g be the intensities 
at a height h and on the surface of earth we have 


gx_GMIR+H*_ R" f 
T aE T eae ane 


(expanding by the binomial andi reglecting the higher. terms, for 
h<<R) 
Alternatively; g=GM/R* =GM.R-* . 
si u". dg=GM. d(R-*)= GM. (~2R-*dR)=(GM/R*) (= 2dR/R)= 
l =g 2ARIR) 
„orbo dg/g= —2dR/R= —2h/R (uA: 10, 3 ‘a 

wet BE al oo Buty, dg=ga-8 and dRoik. (Souq ad) wo) 
Sx= So (1 2h/R) OO iibst iis: sania 
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—a result identical with above. See then that at a height equal to 
the radius of the earth (2h=R) intensity of gravity vanishes and a 
body becomes weightless, 

Prob: (1) Assuming the earth to be a sphere of radius 6400km find the 
height at which g becomes 1% of its surface value of 9.8 m/s?, (Ans. 3167 km). 
(2) A pendulum clock that beats seconds on the surface of the earth is taken 
up in a balloon to a height of 1} miles above the earth's surface, Assuming the 
tadius of the earth to be 4000 miles, calculate how many seconds the clock will 
gain or lose in a day, (Ans. lose nearly 33,5 s ) 


C. Variation of g with depth. Consider a ‘body ata depth x 
below the surface (fig. Il+1.5), The spherical shell of thickness x (the 
unshaded portion in the figure) does not. contribute to the central 


BTE ——— Distance from 
(R=x)—0y the centre of 

earth. 4 
Fig. II-L5 Fig. I-16 


attraction on the body. Let R be the radius of the earth and 
x<<R, Attraction on the body is due to the shaded portion of the 
sphere, Its mass M’which may be taken to be concentrated at the 
centre, is § x(R—x)*p where p is the density of a homogencous earth, 


Then the acceleration at P would be given by 
GM 
Sam (=x? =§Gx(R~ x)p 
andatQ, Zgo = ous 3GxRp 


n gened?) e1- pa (II-1,10,4) 
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„Alternatively £o=§*PRG.--\Now.de=$xpG(—dR) as R diminishes, 
2- ~® or dg= g|- 2 (IL-1 10,5) 
‘Butdg=g.-f0 ~. gzel- 2) =¢,(1-F 
Note that: diminution in goccurs both above and below the 
‘iggyface of earth and at some height‘above, the decrease is twice'as 
„much as at same depth below. Fig. II-1.6 shows graphically the 
` variation of g with distance from the center of the earth (C) where it 
sig zero, Now CA =CB=Radiusiofiearth, » CA= QB represents yalue 
siofi g. atthe surface (go). AR=g,=PQ.°The rise in gis linear along 
CQ (eq: II-1;10.5) burit falls away along’ QE. If we take a ‘poiat 
Pata height of x above Q, note that its g value is CD and see 
that AR the diminution in g for a depth x, is half of AD that for the 
same rise x from the earth’s surface. 

Prob: Assuming that the value of g inside the earthis proportional to the 
distance from the earth’s centre, at what depth below the earth’s surface would 

a pendulum, which beats seconds at the earth's surface, lose 5 minutes in a day. 
Earth's radius =4000 miles. (Ans. 28 miles nearly ) 
(Hint: g'lg=RIR. dglg=dR|R. Apply Eq. 11-114.3B dn =300. Find dR.) 

IL-1.11. Simple Pendulum: A. Description : 

The simplest yet quite accurate method of measuring g is by using 
asimple-pendulum, With it also we may indirectly find the height 
of a hill as well as depth of a mine by equations II-1,10.2 

‘and II-1,10,4, 

Any body that can vibrate about a horizontal axis under gravity 
is a pendulum, more particularly a compound pendulum (s-II-1.4ii). 
The time taken by it in between successive transits across any point 
in its path in the same direction is called its, period of: oscillation 
or periodic time (T). The distance between an extreme position of 
the pendulum from its position of rest is called its amplitude. 

To study the relation between the period, the dimensions of the 
pendulum and the intensity of gravity we imagine a simple or mathe- 

- matical pendulum defined as a heavy point mäss suspended from 4 
‘rigid support by a weightless inextensible perfectly flexible thread. It 


can be realised approximately by hanging:a small metal ball by 2 


thin cotton thread in the laboratory, 
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Let-AO im'fig H-1.7. represent such a simple pendulum where O 
is the-point of suspension and‘A the bob of 


which C is the centre, AC is (/+r) the A 
effective length of the pendulum, The bob rN 
moves between B and D and the time it r foi 
takes in moving from B to D and then r \ 
back to B is the period. That motion is 4 fr y 
said to be an oscillation and half of it from Hf \ 
C to Dand back to D a beat or vibration i \ 
The distance OC or OD is the 4 \ 

z tla ook G BOs 
amplitude, The number of vibrations of aie 
the bob ina second is the frequency t Tonnema 
and-the angle COD or COB: is the angular mg BOB 
amplitude, Fig. I-17 


B  Time+Period of a Simple Pendulum: To find this the most 
important quantity assosciated with a pendulum, we surmise that it 
should depend upon (i) the mass of the bob (ii) the length of the 
pendulum and (iii) the puil of the earth on it represented by the 
value of gravity in the laboratory, 

Applying the method of dimensions we have deduced before in 
O-I.9.1 and I-5,11,1 that ‘ 

T=2z Jilg (II-1,11.1) 
, provided the angular amplitude does not exceed 4°, 


From this result we arrive atthe Jaws of pendulum. 


C. Laws of Simple Pendulam : 

Laws of simple pendulum. Certain statements are generally 
known as the laws of simple pendulum, They are all included in eqn. 
Ti-1,11,1, The statements are as follows; Provided the angular 
amplitude is small, 

(i) -Lawiof isochronism. »( isos—same, .chron—time, ) Ata given 
eplace,) the-oseillations of a simple-pendulum.of given length, are 
executed in equal time, intervals, 


+* Galileo, then only 17, is reputed to arrived at this conclusion by timing the 
switigs of long candelabras at the Cathedral of Pisa by his pulse bets, there 
being no watches or clocks at that time (1581), 
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(ii) Law of length. The periodic time of a simple pendulum 
varies as the square root of its length ata given place, (Tx V/at 
a given place). Here g is const, 


(iii) Law of gravity. Fora given pendulum the periodic time 
varies inversely as the square root of acceleration due to gravity 
at the place (T«1/ J/g) 


(iv) Law of mass, The periodic time of a simple pendulum does 
not depend on the mass or material of the bob, Newton experimen- 
tally found so, 


Discussions; The derivation of the expression for time period 
of a simple pendulum assumes that (i) Anglular amplitude is small ; 
(ii) the length of the pendulum is the distance from the point 
of suspension ( must be well-defined) to the centre of the bob which 
is, its C.G. (iii) Temp and place of experiment does not change, 
Remember these three points carefully, 


(a) Since the C.G of a solid sphere and a hollow sphere lie at 
the centre, time period will not change if the solid bob is replaced 
by a hollow sphere of the same diameter, mass or material being of 
no consequence, 


(b) But changes would occur if the hollow sphere is partially 
filled up with something, say a liquid. Then the C.G, of the ball will 
be lowered, the effective length having increased and time-period 
would increase. Now if a hollow sphere full of water is suspended 
by a long thread and made to oscillate and a fine hole is made at 
the bottom, the time of oscillation would be found to slowly increase 
at first and then as slowly decrease back to its original value, 
Why this happenes? The oscillating system is a pendulum, effective 
length reaching to the centre of the water-filled ball, While 
oscillating, water slowly trickles out, making the lower part of the 
bob heavier i.e, lowering its CG, Thus the effective length 
increasing, the time period increases to a maximum when the bob 
is just half empty (Remember, mass plays no part in influencing 
the time-period), Beyond, as the lower half gradually empties, the 
C.G.. mounts back to. the centre of the bob when the bob is 
totally empty, č 
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(c) If the pendulum suspension experiences a change ‘in 
temperature its length changes, and so does its time-period. Again 
as g diminishes up a hill or down a mine, period of a pendulum 
rises, We can hence find their height or depth or even the prevailing 
room temperature with a pendulum. These are bonuses obtained 
from pendulum experiments, 7 


II-1.12. Determination of g in the laboratory. A. Pendulum 


A given pendulum is not only a very good time-marker because 
of constancy in the value of g ata given place but also a simple but 
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accurate device of measuring g. To approximate as far as possible 


` a,simple pendulum, we take a small metal ball witha small hook and 


suspend it from a sturdy support by a long thin unspun cotton 
thread, Before starting the experiment lay. down. the pendulum 
with the thread beside a meter scale, Put the zero mark of the 
scale as nearly as possible: at the middle of the bob hold the string 
taut and put ink marks at say 90, 95 and 100 cm mark on the string, 
When you hang the thread with any of these ink marks just at the 
point of support you get straight away the appropriate effective length 
of the pendulum (Measuring the radius of the bob with a Pair of slide 
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calipers. is unnecessary as an erroriinsmeasuring length by at most Imm 
ina length of Lm-is, smalles:tham that in- measuring» the: time-period), 
The arrangement isshown in fig I1-1,8(a) and (b). 


Now hang the pendulum from the support, pull the bob. a little 
to one side and let go, See to it that the bob does not spin, nor does 
it moye in a circle or ellipse. This displacement of the bob should 
not exceed one-tenth of the length chosen, After a few oscillations, 
Start the stop-watch when the bob just stops at the end of a swing. 
An» oscillation is-completed when»the bob next returns to the 
same point, Count’ 25-oscillations'and\stop. the ‘watch, Total 
time taken divided by 25 gives you the period. Find the period 
next from 30 oscillations and then again from 35 oscillations, 
Though the number-of oscillations vary, time-period in all the three 
cases shouldbe equal, Change the length and find the time period 
thrice as before, Repeat the whole for the third length and record 
as follows -— 


Mean | L/T” | mean 
time LITE 
prriod (7') 


At Calcutta, mean L/7? should come,sout mearabout.24:9.cm/s* 
g= 4x" (L/T*) cm/s% 


Draw a mean graph Plotting Lagainst 7™ and: find the-value of. 
LP from there.’ That. the graph is a straight’ line \thtough the 
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origin- verifiessthe laws of. length. Fig IL-1,8 (c) shows you- the 
nature of the» relevant 
graph It is a straight 
line passing through 
the origin, From the 
coordinates of any point 
P(x,y) you obtain 
x/y=L/T* and putting 
that value in the above 
equation find g. Figs I1-1.8(¢) 

Limitations of the simpleypendulam method of determining g . 

The ‘method cannot give an accurate result for the following - 
reasons s } 


T?(sec?) 


(i) The formula 7'= 2x „igis derived for a simple pendulum, 
It is an ideal pendulum which we cannot make in Practice, No real 
string is perfectly flexible nor inextensible or weightless, Since, these 
conditions are not fulfilled, there is bound to be some uaknown error 
in the value of g that we get, 

_ (ii), The formula assumes that the amplitude is infinitely small, 
As the amplitude increases, T also increases, Keeping the linear 
amplitude within about pyth the length of the pendulum: confines 
the error in 7 to about lor 2 parts in 1000, This is diMitult to 
achieve for shorter lengths, 


(iii) There is difficultysin accurately measuring the distance 
between the point/ofsuspension and the centre of gravity of the bob, 
The measured value of / has therefore some error in it, 

(iv) An error also occurs in the measurement of the time for a 
given number of oscillations. We cannot start or stopa stop-clock at 
the exact moments. So the measured value of T will have an error 
in it, Besides, the stop-clock may not be running correctly, 

All these factors lead to an error in the calculated value of g, 
If the error could be confined to within 1%, the result should be 
considered, good, Since the» correct value is about 980 cm/s*, 
an.1% error means values in the approximate:range:9804. 10, Eres 
between 970 and 990 cm s*, Any value) ini this ranigeishouldobeio , 
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considered equally acceptable and of equal merit, Special emphasis 
should not be given to values near 980 cm/s*. A better result can be 
obtained with a compound pendulum. But the experiment is 
extremety long and tedious, 


B. Atwood’s Machine: gcan be determined by this piece of 
apparatus where its action is more evident, namely vertical motion, 
In it g is ‘diluted’ by one weight pulling up another just as in motion 
of connected systems, See Chap I-3, 


Principle: Two weights m, and m, are carried at the two ends 
of a string passing over a smooth'weightless pulley, Like in the 
pendulum the siring is inextensible and weightless, We take m,>m, 
(Fig Il-1, 95) when the latter 
will be pulled up as the 
former goes down, their 
common acceleration a. 

The pair of opposite forces 
on m, are m,g and T and on 
m,, they are mg and 7, 
Then from Newton’s 2nd law 
of motion 

amI mga Mm g-T 
m, Ma 
m"a m, 
m, +m, 


( by componendo-dividendo ) 


Description: Refer to Fig 
1-19.) Here the string is 
replaced by a paper tape on 
which an inked stylus vibrating 
at the end ofa metal reed can 
trace a wavy curve as in 
Fletcher’s trolley, As there, 
here also the Velocity and 
acceleration of © the system 


Se 
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Fietcher’s trolley can also provide the value of g. IfM be the 
mass of the trolley, m that of the descending load and a' the 
horizontal acceleration of M then clearly 


a'm mg/(m+M) 


In both these experiments friction at the pulley and between the 
tape and stylus introduce inaccuracies, 


C. Inclined planes: g can also be determined by diluting’ 
ie, lessening its value by timing a small metal ball rolling down 
a smooth incline as Galeleo first did (fig 11,1,10), If the ball rolls 
over a length / of the incline thea t 


l= įg sin 04" 
If h be the vertical height of the 
incline then sin om h/t g= i 
The length / of the incline, its 
vertical height Æ and the time taken Pig. 11-1.10 
t by the ball to roll down are measured for different incliations ; 
I remains constant 4 and ¢ being the variables, 


D. Verification of the Laws of pendulum: In the above 
pendulum experiment the value of 1/7” is found to be reasonably 
constant, This verifies the law of length that T= Jat a given 
place, Next replace just the brass bob you have used with those 
ofiron and lead bobs of same diameter, solid or hollow, The 
time period ja cach, cass would be the same substantiating the 
law of mass, During measuring the time-period, you time different 
oscillations, say the Sth, 12th the 18th or the 30th, You will fiad 
them very nearly equal establishing as Galeléo did, the Jaw of 
isochronism. In the same laboratory you caanot obviously verify 
the law. of gravity. 


1I-1.12. Second’s Pendulum : 


If a pendulum bob takes one second for one swing or half an 
oscillation it is said to be a second’s pendulum, Obviously its length 
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would depend on the, local,,value of g, the period. everywhere being 
2 seconds, So its length is given. by 
1,=2T?/4x? = g/m? (11-1.121) 
Thus at the N. pole 1g=983.22/x? 
at the equator 1,=978,03/x* 
at Calcutta 1g =978,82'x0° 
at London 1, =981.19/%" 


Tn the. FPS system average value of gis taken to be,,.32,2 ft/s®, 
So the.length of a second’s pendulum would.be 3,26 ft. 


As g-on-moon is almost 1/6th that on earth; /a second’s pendulum 
(g = 980 cm/s*) taken from earth to the moon’ would have -its time 
period increased JG times i.e. would take nearly 4,90 s to complete 
an oscillation, Incidentally, as the moon has no air, the» pendulum 
would continue ‘to oscillate far longer than it wouldon earth where 
air-friction, damps.out the oscillations. Onithe sun, g is 27 times as 
large as on the earth and hence, wereùwit possible for a second’s 
‘pendulum to operate there, time-period would:be reduced :to./2/3,/§ s 
i.e, it would oscillate much faster, 

Ex IL-4 The mass and diameter of a planet are both twice ‘those of the ` 
earth. Find the time period of a pendulurwif it is a second’s\pendulum-onvearth. , 
CEET. '73) 
Solution s\ Remember gs GMIR? 


n B My (Rp)? 1 45 
82. Mp, i1 : 


2 
E 4T lT’ ae z 
Agin. eiel Bjt A Tam TaN2n28 si, 


Problem: You take a second’s pendulum and a synchronised watch driven 


by an oscillating spring tothe moon, Explain what happenes to the times. A 
(Neglect temperature effects), i ier 


111.18.) Accelerated Pendulum +. 

Pendulum bobs are made to vibrate in a vertical Plane by the 
Component of g perpendicular to the suspension when the Suspension 
is not vertical. Additional accelerations may be imparted on the bob 
by (i) making it describe a horizontalicircle with: uniform: speed 
(ii) accelerating the support in a xertical. direction Kiii} accelerating 
theisame in ashorizontal direction. 


—— 
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A. Conical Pendulum : ` If the» bob .(P) oe ‘a simple:pendulum 


of length 7 is so projected 
that it moves uniformly in 
acircle we have three forces 
acting on it (fig. IJ-1.11 )— 
the weight mg acting verti- 
cally downwards., the centri- 
petal force my?/r' along PN 
horizontally towards the 
center and tension S$ acting 
along the suspension PO, 
For the bob oscillating in a 


vertical plane, the second Fig, II-L11 


force is zero but not so here, 


Resolving S horizontally and vertiéiljý s weisee hat ` 


mo*r=S' sin 6 and'mg=S cos g 
pa TBN p 


poa 0 


=. paas lsin o ‘T=2x, [LSB 
ve os tale: or T=2r ERR, 


(I-1,13,1), 


So the centripetal acceleration effectively reduces the pendulum 
length, Faster the bod rotates greater is the angle 9 and higher its 


Governor in Chap, (I-5). 


plane of rotation, Conversely, for a slow: 


rotation 9 would be very. small it 
would. behave as a pendulum, 
Compare the action of Watts Steam 


mg 


downward pull of M. 


Ex, JJ.1.5 A large mass M anda small mass m 
hang, at. the two ends, of a string that,, passes through: 
@ smooth tube as shown in the figure. m moves in 
o circle in a horizontal plane. The length of the string 
from m to the top of the tube is l. Find the frequency 
of rotation of m which keeps \M. steady. 

(1.1, T, '78 ) 


Solution : ; m here is the bob of,a.conical pendulum, , 
the pull of the support O being replaced. by the 
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So the tension F of the string would be my*r/sin @ as per above analysis. 


a „msr mes Isin 6 
“. FaMg sing sind 


«e w2=4*n"=Mg/ml or ni 


‘Problems; (1) A sphere of mass 1kg hung by a string 1m long is rotating 
once a second in a horizontal circle, If g=9,8 m/s? how far the ball will be 
raised from its position of rest and what will be the pull on it ? 


[Hints : h=1—Icos 9=I-gT*/4m*, T=2" Jf cos olg } 


(2) Find for a sphere of mass m suspended by a thread from a point and 
describing a horizontal circle of radius r with an angular velocity w, the tension 
-of the thread and the time period. 


‘Hints: The system is a conical pendulum, Refer to fig. II-L11 and 
see that 
S'=m o'r? + mg =m"'g? + wr?) 
© Semp soir = mg + iP 
IL To find the time-period let us note that the.bob is subjected to 
two accelerations at right angles to each other g aud @*r, So there 
resultant ‘is 


f= Jg} otr" nad hence T= et OE 
ia yor 
i B. Pendulum accelerated parallel to g: If the pendulum- 
support accelerates vertically (up or dowa) the vertical component 
of the tension F on the string will be F cos 6=mig+f). [Recall 
‘the case of reaction in an accelerating lifi]. The horizontal 
‘component is Fsin@, @ being the inclination of the string to the 


vertical, For a simple pendulum we have to take @ to be small 
‘so that - 


F=m(g +f) and Fo=F(x/l)=m(g +f:.x/1 


The restoring force perunit: displacement is mg+f)/l and 
bence 


T=2x Jig f) (U-1,13,2) 
The +ve sign applies to acceleration upward as in a similarly 
rising balloon or lift, If the balloon or lift attains a Steady velocity 


#-90 and the period of pendulum identical with that in a Stationary 
case which is T= 2x J7jg. 
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Ex. 11-1.6 A simple pendulum hangs from the top of a stationary lift. 
Compare the time period with those when the lift is (a) ascending with unifoom 
velocity of 8 fils (b) accelera'ing upwards at 8 ftls? (c) desending with @ 
uniform velocity of 8 ftls (d accelerating downwards at 8 ft/s? 


Solution: When stationary and rising or falling with constant velocity f is 
zero and g is the only effective acceleration and the time-periods will be equal. 


But when accelerating upwards effective acceleration is gt+f, here g+g/4; 
when accelerating downwards the effective acceleration will be g—g/4. So the 
tatios of time periods will be 1:1, / (2/J5), 1 1 2)y/3), 


Ex, II-1.7. An oscilating pendulum is just dropped from the top of a tower. 
Find its time-period. Also find the Period of a pendulum in a small satellite. 

Solution: In both cases the pendulum stops oscillating, In the first case the 
pendulum is falling freely i.e, its accelaration is gie, effective acceleration 
g-g=0. Thus tbe time period is infinity, 

In a freely falling lift one is weightless ; so he isin an orbiting satellite for we 
shall see soon that it is also a freely falling body. So the pendulum stops. 


C. Pendulum accelerated perpendicular to g: Let a simple 
pendulum hang from the roof cf a railway carriage accelerating at 
f m/s* forwards. This acceleration would be transmitted through 
the string to the bob from the support, The string and the bob 
would incline backwards at say 6, to the vertical; because it is 
subjected to a pseudo-force in the accelerated frame, As in 
other cases Fcos @=mg and Fsin 6=mf where m is the mass. 
of the bob, F the tension along the string, Then 

tan 0=f/g and F*=g* + f* (1I-1,13,3) 
for the two accelerations are at right angles to each other, If the 
pendulum is now allowed to oscillate, it would do so about the 
inclined position but without change of period. 

If a plane moves in a horizontal circle a hanging pendulum jn it 
gets inclines just as above, away from the center as. the sine 
component of the tension of the string Provides the -centripetal 
force. The passenger can, by noting the direction of deflection, 
fiad which way the plane is turning. Itis the opposite, 


II-1.14. Change of Period of a Pendulum : 


Time-period of a’ simple pendulm depends only on its effective 
length and the effective acceleration acting on the bob; Change of 
any one of these quantities would change the period, If the period 
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increases: the pendulumiis said to go slow while\itygoes fast when} the 
period decreases, 

A discussion with a second’s pendulum would clarify the idea, A swing of 
such a pendulum takes 1 sec and in a day it would swing 86400 times, there being 
so many seconds’ per day. ‘Tf the'time period iricreases, in a’ day there would be 
less than 86400"swings and thus the clock would go'slow. If the period 
diminishes: there: would:be -more than-86400 swings ima day.and the clock would 
tun fast. ; 


A. Now change in“ length occurs with change of temperature. 
We shall return to the«topic: in the» Chapter 1V:3,8, For the present 
know ‘that, ‘if a’ Solid'rod’of length 7, is heated through a tempera- 
ture rise of f then its length increases by lxt where x, the coefficient 
of linear expansion, is a characterstic of the solid, used as the 
suspension of) the bob’ in clock »pendulums. ` Witt'rise in temp in 
summer the ‘effective length increases, so does T (the time period) 
and the clock runs slow. -: Reyerse-occurs during winter, 


B. Change in the value of g also occurs with height above and 
depth below the surface as well as change in latitude on the earth. 
On other planets g is different. Again at the same place however, 
g can be ‘changed artificially. “We consider two such’ cases, 


(a) Let the bob be of iron and just below its mean position let 
there be the pole of a strong magnet. Magnetic atiraction added to 
gravity obviously increases the downward acceleration, say by f and 
the time-period becomes T=2m J7j(g+f) and thus the pendulum 
will swing quicker, clock running faster, 


(b) Above we haye considered a pendulum, in a_ plane 
oracar moving in a circle, Then the support has a centripetal 
accleration in addition to that due to gravity and at right angles to 
each other. So the effective acceleration increases from g to 
Je? Fotr (see problem 2on page 28), Hence the time period 
‘becomes 


= I T 
Tes a EEN E (11-1.14.1) 


C. Loss or gain of time by a pendulum clock; Since T depends 
on Jand. g,.a change in J can be obtained. from.differentiating its 
litiy 
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T=2x Jig “Now log'T =log 2x +4 log 1—4 log g. 
Differentiating each variable\a,r.t. itself we-get 

aT} ($ _ 48 

T 2 ag, 
Again if N- be.the number‘of'swings a day we know 
NT=86400 s=const 
<. NaT+T.dN=0 
or @N__4T_l eo) 


N T 2Ag 1 
From this result we can very easily find how many swings a 
second’s pendulum would lose ‘or gain per day due to change in © 
length or acceleration due to gravity. 
From the above formula we find three cases— 
(a) If gis const dg=0,.. Then dN= —43200 diji. The pendulum 
loses, _ (1I-1,14,3A) 
(b) If 7 is const dl=0. Then dn=4N.dg/g=43200 dg/g. The 
pendulum gains, (B) 
(c) If both Z and g change dN may be +ve or —ve, 


Ex, I-18.» A Second's pendulum loses 5 s a day. How and by how much is 
the length to be altered so that it may keep correct time ? { HLS. 71] 
Solution: We must use (A) above, Heredn=5. N =86400 
AN, yg A agAN_ 10x100% o 
o Wagt ot 4 2 = Hx Oe, =0.0116% 


(1I-1,14.3) 


Ex, IJ-1.9, A pendulum beating seconds is taken from Calcutta (g=978,82 
em|s*) to London (981.19-em|s’), -How many seconds will it gain per'day ? 


Solution: Here dg=983.19 -978.82 cm/s*=4.37 cm/s* g=981 cm/s? 
f.. From (B) above aN, =43200x 427 19,24 z 
Ex, II-1.10. An iron pendulum (sécond’s) keeps corrëct time ‘at sea-level and 


at 20°C temp.) It is taken to the top/of\ Everest 8848 mhigh andat a temp of 
—30°C.. How many seconds change would occur in a day ? 


Solution: Diminution in temp leads to a shortening in length which dimini- 
shes” T while height diminishes g leading to an increase in T, The fotmer makes 
the pendulum swing faster, the latter slower. Now 


Neiem = SS) 
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We know from eqn II-1.10.3 that dg/g=—2h/R, Again «, the coefficient of 
linear expansion with temperature is defined as 
eae Increase in length dl) dl 
Original Jength (J) xrise in temp (dt) ldt 
. aN a(g d h — 8i PARE 
Hg Rae esar eee 
The radius of the earth is taken to be 6367 km and « foriron 12x10-* °c and 
dt is —ve as the temperature has fallen, N=86400s 


i an -(3x 10-4 246% 10") x 86400 


_ 884.8 =e 
= (0.0 aay | x864 691s 
So the clock will go slow by nearly 1 min. 10 s a day. 
Prob. Find the change in seconds of a second’s pendulum per day if its length 
is (1) increased by 1% (ii) diminished by 0.1% [ Ans. Loss 432 s gain 43.2 s] 


D. Use of a Pendulum to find the height of a hill, depth of a 
mine, latitude of a place : 

The basic fact in all these cases is that g ‘diminishes with height 
and depth and increases with latitude and the time-period varies 
as 1/ Jg. 

We have seen in the article II-1,10 that in successive cases 


(g/g0)= (1 = W (g/g0)=(1—d/R) and (¢/g,)= ( ls ear oe) 


[ for (o*Ra/es)= 45 | 
Tito (1-47 = (1+4) ; 


, -1/2 
nee(t- REA 
z s 
Now, 2. Sh Za Cos ?A 
* No =FR" Re = (ag pis 376 
+ aM h n= No _ 1 
; a2 


A n=M = cos? x 
Neus SRA 


TEARI 


Daya 


(II-1,14,4) 
Prob. (1) A second’s pendulum correct at sea-level loses 10s a day at the 
‘top ofa hill, Find is height, if R=6400 km, (Ans. 740m) 
l Hint; da=10no =86400, ] 


(2) The same pendulum in amine loses 5 s a day. Find depth, (Ans 740 m) 
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6) A second’s pendulumis taken at sea-level from the equator to the Tropic 
of Cancer. How many seconds will it lose a day 7 
[ Hint: dgq=0°, \p.o™=23 4° N. cos 23 $°=0,917 ] 


(4) A pendulum beats seconds on the top floor of a high rise’building, At 
its basement it gains 2,7 s a day. How high is the building ? (Ans. 200 m). 


II-1,15, Motion of Planets : 
From the dawn of history man has gazed with awe, wonder .and 
very often with profit at the sky, the sun, the moon, stars and planets. 
Ancient Sumerians and Egyptians nearly 6000 years ago kept 
surprisingly accurate’ track of the stars, The Egyptians synchronised 
the rise of the Dog Star or Sirius in their late summers with floods of 
the Nile that gave life to their Jand, The Chinese and Indians showed 
great awareness of the motion of heavenly bodies and the correlation 
with change of seasons, The Greeks coined the term ‘planets’ meaning 
wanderers and developed complicated theories. about their orbits. that 
lasted from the days of Aristotle. (384 B,C,-322 B.C) to Copernicus 
(A.D, 1469 to 1543), The later overthrow of their geocentric (geos- 
Earth) system led to initiate the heliocentric (helios-Sun) system which 
grew -quickly at the hands of Tycho Brahe (1546-1651), Kepler 
('571-1630) Galeleo (1564-1642) and Newton (1642-1728) into the 
great science of Astronomy we know to-day, 
` A. Kepler's laws of planetary motion: Tycho Brahe a Danish 
astronomer, was the first among the moderns to make reasonably 
accurate records of the positions of planets in their motion across the 
sky, He had no telescope then to 
help him, From a close study of 
these records Kepler enunciated 
(1609-1618) three empirical laws 
on the motion of planetary bodies, 
(1) Each planet moves in- an 
ellipse around the sun, which 
occupies one focus of the ellipse. 
(2) The line joining the 
centers of the sun and the planet sweeps out equal areas in equal 
times, 
3 W 


Fig. 11-1.12 
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°(3) “The squares of “the periods of revolution ofthe planets round 


the sun are proportional to the cubes of their mean distances ‘from ` 


the sun. i 

1B. Discussions: (1) - The. first;law follows from the geometrical 
analysis, that if a particle'is:‘to move inva closedipath.uader an inverse 
¡quare force, it must follow an elliptical path. Thus it is a simple 
sorrollary from the Newton’s law of gravitation. “Keplers law was 
published’ (1609) long before ‘Newton’s-(1687). 

The shape of an ellipse is determined by its eccentricity; which is 
the ratio of the distance between the'foci to the major axis of the 
ellipse, Mercury has: an eccentricity of 0/2, | That of Pluto is also 
high, But other planets have values ranging from 0,007 (Venus): to 
0,09 (Mars). ‘That for earth is about 0,017, For such -small 
eccentricities we may ‘treat the orbits as circular, 

4(2) "This law is known asthe law of constancy of areal velocity 
and follows from the principle-of conservation of angular momentum. 

Consider fig, 11-112. Pisa planet ‘of mass m moving/in an elliptic orbit 
around the sun, The sun is ata focus S.of the eilipse. If in time dt,.P moves 
from, A to. B, the atea of the sector it describes is }r’d?, and the areal velocity is 
ġr`daldt.. Now, the angular momentum of P around § is the product of its 
moment of inertia (=mr*) and angular velocity u(=d9/dt). Since the angular 
momentum of an isolated system is constant, mr’ d?/dt is a constant. 

Because of the constancy of m, r?dojdt. will be +a. constant and 
also, the areal velocity. 
But because of this 
constancy, velocity at 
perihelion exceeds that 
at, „aphelion, _ Fig. 
Il-1,13 . shows. the 
path of the earth 
round the sun appr- 
oximately at different 
months of the year. 
Note that we. are 

nearest to the sun 
(r,) during our winter 
and farthestin our 


summer (r a) 


m i 
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Hence to keep the area swept,out,equal,the-arc length 1 to 2. is 
much greater than that between 7 and 8 on the orbital path of the 
earth, So it moves the fastest in January and the slowest in July, 

(3). This law can be directly deduced from the law of Gravita- 
tion by taking the planetary paths to be ci? cijlar. This . we. achieve 
by equating the grayitational.pull to the ceatripetal force required to 
move the planet in a circular orbit, 

Let M=mass of the sun, m=niass of a planet, v= orbital speed 
of the ‘planet’ and'r=the distance ‘between them, Then, if“ Tis 
the periodic time of the planet, 

GMm|r? = mv" [r or GM/r= v = (2x1/T)* (1115.2) 
“. T*/r®=4n*/GM aconstant (II-1.15.2) 

This relation is independent of the mass-of the Planet, and hence 

is ‘the same for all planets, a very important conclusion, 


Prob: Calculate the mass of the sun, given that the redius of the earth's 
orbit‘ is 1’ Astronomical unit (15x 10** cm) and G=6°67 x 10-* cgs unit, 


[ Hint: Take P=] year=365% 86, 400 seconds and apply the above eq. 
Ans, 2x 108* g nearly. ] 


C. Simple deduction of the law of gravitation from Kepler's 
laws. > Keplers: laws giveva simple and fairly accurate, description of 
planetary motion without” offering any explenation, To ‘interpret 
these laws Newton discoverd the law of gravitation. A rigorous 
derivation is beyond our scope, We use the simplifying assumption 
that a planet moyes in a circle round the sun. 

To keep the ‘planet’‘moving in a circle round the sun requires the 
application of a centripetal force given by 

F= more I, 

This force. must,be directed towards. the sun, 

For two planets, distinguished by subscripts’) :and 2, the\ratiovof: 
F, to F, is given by 

Fenm, ry Tit 
Paim Te 
But'Kepler’s third' law states ‘that Pè r%òr that 


: r” es Ti” =the same constant for all planets, 
sete 
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Hence T/T errs” i (W-1.15.3) 
Fy mia ra M, Ta- 
n F, “mM, Ts aides M we 
pare F, <a constant=k (sa TI-1.15,4) 
or milir mira" ( y) ¢ 
=. For any planet k must have the same value, 


Fak™ (I-1.15.5) 


k haying the same value for all cokes in accordance with Kepler’s 
third law, The force of attraction, therefore, va!ies as the inverse 
square of the distance from the sun, and is. disectly proportional to 
the mass of the planet. 


From. the law of equality, of action and reaction, it is easy to 
argue that k will contain the mays of the sun. , For the force, F will 
also be the force with which the planet attracts the sun. Since F 
involves the mass of the planet, the reactional force should involve 
the mass of the sun, Thus k should be of the from GM where Gis a 
constant and M the mass of the sun. Hence the force of attraction 
between the sun and a planet is of the form F=GMm/r*.... (II-1.15.6) 

Ex,II-1,41 At perihelion Mercury ts 2.86 10° mi from the sun and has a speed 
of 35 milsec, At aphelion it is43.4x10° mi from the sun. What is its speed 
at aphelion ? 

(Note : Perihelion is that point in a planet's orbit at which it is nearest to 
the sun. At aphelion it is farthest from the sun ). 

Solution: At perihelion and aphelion, the path of the planet is perpendi- 
cular to the radius vector drawn from the sun. See fig. II-1,13. Hence the 
rate at which the radius vector sweeps out areas is }xlength of radius 
vecterXvelocity, By Kepler s second law this remains constant throughout the 
motion. If v be the speed at aphelion in mi/sec, 

4% 28.6 x 10* x 35=4 x 43.4 10*x v, whence v=23.1, 

Ex. I-112. Distance of @ planet. Calculate from the following data the 
distance of the Mars from the sun 

Radius of earth's orbit (r,)=149.5 x10" km. 

Earth's year (7,) = 3654 days. Mars’ year (T,)=687 days, 


From Kepler's third law Tke Ta, S TRE -E nr P 
Solution : Substituting values we find r,=227.8x10° km. 


Prob. (1) Mars has two moons. Deimos, the larger, orbits at a mean distance of 
6.9 Martian radius from the centre of the Mars, and its period is about 30 hours” 
L 
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Phobos, the smaller moon, has a period of about 7'6 hours. How far, in Martian 
radii, is Phobos from the centre ot Mars ? (Ans. 2.77) 

(2) Neptune goes round the sun in 165 years. Show that the radius of its 
orbit is about 30 times that of the earth, both being taken as circular. 

JI-1.16. Motion of satellites. The gravitational attraction of a 
planet on its satellite mak-s the satellite move round the planet, 
Let its orbit be circular, The gravitational attraction supplies the 
necessary centripetal force, This applies equally to natural and 
artificial satellities, > j 

Let M =the mass of the planet, m =the mass of the satellite, r= 
the radius of the circular orbit of the ‘satellite, T'=the time in 
which the satellite goes once round the planet (ihat is its periodic 
time), w=the speed of the satellite in its orbit, Then since the 
gravitational attraction = centripetal force, we have 

GM|r? = mn" [ror GM/r=v" = (2xr/T)* 

or ` T’/r° = 4x°/GM (II-1.16,1) 

Note that this is the same equation as for circulation of planets 
round the sun, 7*/r*will have the same value for all satellites, 
real or artificial, of a given planet. 

Problem: An artificial satellite circles the earth near its surface. Find the 
periodic time, given that the radius of the eatth=6°4% 10" cm and g +980 cm's’, 
( Hint: g=GMlr’. Hence T)=4n'r'r' |GM)m4e'(rig) or T=2rJrig,} 
(Ans. hour 25 minutes nearly. ) 
A. Orbital Velocity and Period of revolution of Planets 


and satellites 
Taking the planetary orbits round the sun and those of satellites 


natural or artificial, to sbe circular these quantities can be very 
easily found, (Sze the hint to the above problem.) We take as 
above Centripetal force = Gravitational pull of the sun. 

or my,*/r=GMm/r* 


or vo= J GMI)r= Ngr (U-1.16.2) 
and mo*r=GMm/r* or (4a*//T*)=GM/r? 
Ave = zt o 
T=2r Jr" IGM N A r= E (II- 1.16.3) 


Note that the time period is equal to that of a simple pendulum of 
length equal to the orbital radius. Remember however that in both 


38 ‘PROPERTIES°OP MATTER 


Of ‘the’ ‘last ‘expressions g réfets to acceleration produced ‘by ‘the 
attracting bodies, the sun for the planets and planets for satellites, 
Note that inthe problem above M and g refer to those of the earth, 

Orbital velocities of any planet can be. very easily determined 
however, if we know its) time-period ie, the year, For example, 
the earth, is 93 million. miles from \the.sun and takes.365} days 
to: go once round „the sun, So its .obital. velocity. would be 
(0) FE 18.5 mi/s=29.6 Kmjs: 

B. Geo-stationary or Parkiog Orbits: -It is'one- of the latest 
triumphs of space! technology to placeva satellite atsuch«a height that 
(i) it has: thesame period 
as»thei spin. time, of the 
earth and (ii) moyesjin the 
same sense from west to 
east, Then there would be 
between. that satellite and 
the earth. no apparent 
relative motion and it would 
appear to be stationary in 
the heayens like the pole 
star, though for an entirely 
different cause, Such a satellite is said to be Geo-synchronous ( Syn- 
same, chron-time ) or Geo-stationary and their orbits Parking or geo- 
stationary, They generally orbit in the plane of the equator as 
shown in the Fig I-1,14. Their height (H,). follows 
3rd law. We have seen above that 


Fig. TLI 


from Kepler% 


T? _4x* GMm 
GM. AER E 
w14 GM__GM Re Ra" 


O e e ee 


da? 4r? 
Now then T’/r3 = = — 
ow then 7?/r GM ay (II-1,16.4) 
ae ce OM EEE us 
4x" 4r" ] 


42400 km, 
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Hence its height would be H, =r—_R>30000 km, 


Some countries including our India have placed (April 1982) ged-synchrondus © 
satellites (INSAT—1) in orbit They reflect short radio waves back to earth over 
a wide area beneath it. Radio and TV programmes including educational items 
and sporcs events are transmitted Jive with their help. In addition Insat—l is 
monitoring growth of cyclones‘and moonsoons, weather and condition ‘of gladiers, 
the source of our life-giving rivers onthe high Himalayas, continuously, instauita- 
neously and transmitting all these informations cheaply, 


C. Artificial earth satellites. The world was taken»by) surprise 
when, eafly in October 1957, Russia successfully put; the: first 
artificial earth satellite’ in orbit at the first attempt, Subse- 
quently there have..beea more of them and. bigger too, America 
vying» with Russia; in the field, d Fig; 11,15) shows a,,satellitew 
in’ orbit,» its’ velocity changing direction as: at points (1) and. 
(2) under the pull of the earth, 

Let us examine the circumstances in which-a body can continue’ 
to. moye round. the earth more or lesss like the moon, It is not. 
difficult to imagine that the 
body must be moving at a 
high speed to avoid being 
drawn to the earth, If such 
a fast motion takes place 
in the atmosphere, friction 
with the air will reduce the 
speéd and, brà ‘up the 
body by the heat generated, 
as for a me'eor. Hence, 
for the motion to continue, Fig. 1-115 
at least for a reasonable period the orbit of the body should 
be beyond the atmosphere. 


We know that theatmosphere gets thinner and thinner as we go up, 
its-density diminishing exponentially ( fig. in s 11-6,15 ), At a height 
of 10) miles the density is very low, of the order of 10713 g/cm*, 
An artificial satellite should move at heights of 100 miles or 


* Our India have put severai satellites in orbit; the first being Aryabhatta 
1+more'thana decade-ago (1975), 
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moreabove the surface of the earth if it is to continue in its orbit 
for a resonable time, 

If M=mass of the earth (=6 x 1024 kg), R=radius of the earth 
(=6.4x 108 m.), G=universal gravitational constant (= 6.6 x 10-11 
mks units), it may be shown that a body projected with a spied v 
from the earth will move as stated below : 

(i) When v”<GMIR (i.e., v less than 4'9 miles per sec), the path 
is an ellipse and the body is drawn back to the earth, 

| (i) When v*=GM/R (ic., v= 49 mi/sec, or about 18,000 mph.), 
the body moves in a circle around the earth, 

(ii) When'v’ is greater than the above value but less than twice 

"the value, ie, 2GM/R, the body moves ‘outside the earth in an 
elliptic path with the centre of the earth as one of the foci of the 
ellipse, (v between 4.9 and 6,96 mi/sec). 


(iv) When v"=2GM/R, or v-6.96 mif:ec or about 25,000 
mp.h., it moves in a parabolic path and escapes from the earth. 
The earth’s attraction can no longer hold the body, This value of v 
is called the escape velocity ve, 

(vy) When vis greater than the above speed, the body escapes 
along a hyperbolic path, 

For artificial satellities we are concerned with case (iii) above, i.e, 
s lying within the range, 18,000 to 25,000 miles per hour, 


To visualize what happens, following Ne ton, imagiae, a mountain 
riswg beyond the atmos- 
phere anda powerful gun 
placed there, Suppose. it 
can fire hori zontally shells 
with speeds we desire 
(fig. 11-10, 16), 

When the speed of a 
shell is less than YGM/R 
(ie. 18000 mi/hr), the 
*earth’s pull causes the 

Fig, Il-10.16 shell. to crash on its 
s at some point depending on the a.tual speed. © A larger speed, 
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(but less than JGM/R Will cause the shell to crash at a remoter 
point, When the speed is equal to V GM/R (ie., 18,000 mi/hr) the 
shell moves along a circle The earth pulls the shell continually 
towards its centre, but the speed of the shell just keeps it from falling 
into the earth, It will then behave as a satellite, 


If the speed is greater than 18,000 mi/hr, but less than the escape 
velocity of 250C0 mi/hr, the orbit of the satellite is an ellipse with 
the centre of the earth as one of its foci. As the satellite moves round 
the earth in an elliptic orbit, its distance from the earth varies from a 
minimum to a maximum (i.e., from perigee to apogee), 


D. Launching of Earth satellites: We do not have such a 
mountain so we arrange to raise the satellite to the required height 
and there discharge it just parallel to the 
earth’s surface there with a fantastic speed 
of between 18 to 25 thousand mph, The 
raising is done by very powerful multistage 
rockets, Whereas the satellite alove may 
weigh say a thousand kg, the rocket 
system goes up to several thousand tonnes ; 
for the satellite has to be raised at least 
about 100 miles. The system is fired 
vertically and at first rises slowly so as to 
avoid burn-out by friction at the lowermost 
and densest part of the atmosphere, 
With height friction falls off and the 
rocket speeds up, At a designated height, 
one stage of the rocket falls off and 
suddenly the speed boosts up due to loss 
ofa large mass, linear momentum being 
conserved, Small retro-rockets slowly tilt Fig, 11-117 
the trajectory till at the desired height the last of the rockets 
disengages itself, spewing out the satellite or capsule in the desired 
direction and speed, It moves out in the direction the earth spins so 
as to include the considerable velocity of the earth in its motion, 
The freed capsule in its flight path is shown in fig: II-1.15, 
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Fig. II-1,17 shows’ the forces acting, which are F,= Mg down- 
wards add P the reaction of the rocket pad upwards. When 
rising ‘the forces are upthrust, P, downward pull F, so that the 
upward force is their difference F=P—F,=Ma producing accelera- 

APOGEE 
oa S H RETRO-ROCKET 
Fad ‘as00mi/pp a, FIRED AT 02349 
Aare ssreonaurcowmaans |S 


å i 
FUEL BURNOUT FOR RE -EI 
ATSEDEN S ae cENrkve 
99's 
fees sLoweDTo pK 
B smi momisbr y A 


: i 3 à aM 
LAUNCHING PAD IN OCEAN 


Fig, 1-1.18 
tion a. In the figure f, is the weight of the astronaut. 
Fig. IJ-1.18 shows the parabolic flight path of the” first “American 
astronaut. Ir is assumed that over the whole fight path g remained 
sensibly constant for at the maximum height’of: about 115 miles; it 
diminished by less than 5% 


E  Weightlessness in Artificial earth satellites. In an ‘orbiting 
earth-satellite the whole of the earth’s gravitational pull is spent in 
giving the satellite the necessary centripetal pull. It is actually a 
freely falling body, falling towards the centre of the earth with the 
acceleration due to gravity, Its orbital speed prevents it from crashing 
on the earth, 

Our sense of weight arises out of the reaction which the support 
exerts on us. A man seated in such a Satellite does not experience 
any force exerted by the seat on him, as he does when seated on a 
stationary body on the earth, since both are falling freely, He 
therefore feels weightless, The situation is very much the satne‘when 
one descends in a lift. As the lift accelerates downwards the reattion 
of the floor on a person standing in the lift diminishes, ‘The person 
feels lighter. If the lift descended with the accleration of a free fall 
under gravity, the reaction’of the lift on the person will be zero, 

“The person will feel’ weightless. Itis this kind of thing that happens 
in an orbiting! earth satellite, 


GRAVITATION‘AND GRAVITY 43 


An altemativë view is also tœ the point, Since the1-orbiting 
satellite’ is accelerated centripetally’ it provides am accelerated! frame 
of reference to the astronautinside,; Hence a pseudo-force:would 
act on’ him-away:from,the-center, (the centrifugal force), equal to the 
centripetal force, Hence the resuliant force. on -him towards. the 
earth vanishes ` and- the: astronaut feels weightless. This is..a. very 
unusual ‘condition and the,astronaut with everything inside would be 
just floating about, - The phiysiological functions. accustomed ~as- they 
are to gravity, get» completely upset, Hence the. long. training of 
prospective spacemen in simulated “weightless” condition on earth, 
To minimise these. inconviniences the orbiting satellites are now-a- 
days made to spin about an axis.so as to.restore some of the sensation 
of weight, 

In a» gravitational field, if ona, moving «small -body no» other 
external force acts. except the gravitational, the. state: of weightless- 
ness would exist. In a freely falling lift, spaceships or artifleial 
satellites such-conditions hold, The phenomenon is independent of 
material medium, But a solid floating in a fluid medium (liquid or 
gas) is also weightless; because-its-weight is balanced by the upward 
acting force of buoyancy due to Archemedes Principle to be discussed 
under Hydrostatics, 

[N: B. We ordinarily. define, the. weight of a body as the pull 
of the earth on it, But this’ pull is~alwaysypresent, Actually our 
sense of weight comes from thé reaction to this pull. When we hold 
a book on our palm, the weight of the book presses on the palm, 
The reaction which the palm exerts on the book gives us a sense of 
‘the weight of the book, As westand’on'the floor, the reaction which 
the floor exerts ‘on our féet gives ‘us the sense'of ourweight, In an 
artificial earth satellite; the floor/do¢s not exert any!-reaction on one 
standing on the floor, Both are acted) on:by the force of gravity, but 
the force on each is fully spent in supplying the necessary. centripetal 
force, No force is left to produce a thrust by one.on the other, 

(In water, a man feels almost weightless, This gives you some 
idea of what weightlessness is like.) ) 

II-1.17. A. Escape velocity. The gravitational'pull of a larger 
body can hold a smaller body’ cuptive'in' its’ gravitational fieldif: the 
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speed of the latter is not too Jarge. The minimum velocity which a 
smaller body must have to escape from the gravitational attraction of 
a larger body is called the escape velocity ve. 

A. Velocity of escape from the surface of the earth. Consider 
a body of mass m at a distance x from the centre of the earth. If x 
is greater than the radius R of the earth, the force f wi h which the 
earth pulls the body is given by f=GMm/x*, where G= gravitational 
constant and M=mass of the earth, If the body is displaced by an 
amount dx against this attraction, the work dore will be f.dx. 

To pull the body out of the earth’s attraction from its position on 
the surface will therefore require an amount of work 


_{[o _ (2 GMm ,.._GMm 1.17 
w-\" fax-\* Omara T (1-1.17.1) 


Ifa body on the surface of the earth be projected outwards (in any 
direction) with a kinetic energy greater than this value, it will escape. 
The minimum escape velocity, vs, is therefore given by 


s__GMm ` /2GM 
{mvs R or A nae 


= JIGMRIR" ~= J2gR (II-1-17,2) 
This is also the velocity a body would acquire if allowed to fall 
to the earth from infinity, 

Prob. (1) Calculate the velocity of escape from the surface of the earth. 
given that the mass of the earth=5.98x10'* kg, its radius =6,37x10* m, and 
@=6.67* 10"! mks unit. [ Ans. 11.2 km/sec. } 

(2) The mass of Mars is 0,108 times the earth's mass, and it has a radius 
0,532 times the radius of th: earth, What is the escape velocity from the 
Mars? (Ans. 5.04 km/sec. ] 

(3) The mass of Mercury is 0'045 time the earth's mass, and its radius is 0'39 
earth radius. What is the escape velocity? [ Ans. 3°8,.km/sec, } 

B. Rarity of certain gases in the Atmosphere : 

The escape velocity from the earth, as we see above, is about 
7 miles/sec. This is more than thirty times the velocity of sound 
in air at °C, and about 6 times the velozity of molecules at 
the same temperature (<IV-6.6). Even if the average velocity 
of the molecules of a gas is 25% or so of the escape velocity, 
an appreciable fraction of the molecules will have velocities above the 
escape velocity, Such fast molecules wil! soon be lost by escape from 
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the earth’s atmosphere, The earth was very hot in the past and the 
gas molecules in its atmosphere had higher velocites,. The lightest 
gases, hydrogen and helium, had the highest velocities. They gradually 
escaped from the earth while it was hot, This explains the rarity of 
hydrogen and helium in the earth’s atmosphere. 

If the moleculer speed is one-fourth the escape value, half the 
number escapes in several thousand years, If it is one-fifth, the half- 
life is of the order of several hundred million years, 


C. Absence of atmosphere on Moon and Mercury : 

The moon has a much smaller mass than the earth (v, =2.4 km/s) ; 
and so also has the planet Mercury. They could not have retained any 
gaseous atmosphere about them because of the weakness of the pull. 
There is, evideace to support this view, The same thing applies to 
satellites of all planets, But Titan of Saturn has an atmosphere, 

D. Trajectories ; The following table shows what the path of a 
body will be if it is projected from a point on the earth’s surface with 
various velocities v Theminimum escape velocity, v, tis 2GM/R, 


SA 
Velocity Nature of path 


“Hyperbola. The body will escape 


A, v*>v," 
from the earth, 


B, v*=v,* Parabola, The body will escape, 
Ellipse, with the earth at one 
C, vcv”, bul>v,"/2 focus (cf. motion of earth 
3 round the sun) 
D. v*=v,"/2=GM]R Circle, 
EB, v8<v,"/2 Ellipse. 


Prob, Show that the escape velocity of a body from a planet is 1.41 times that 
of its orbiting velocity close to the planetary surface. 
Il-1,18. Energy considerations in the Motion of Satellites : ; 
Refer to eqn 1I-1.6.2 for the potential of a unit mass on the 
surface of the earth; itis GM/R. If the mass of the satellite be m 
and it rotates in a circular orbit of radius r then the potential energy 
of the system is U= —GMmJr. (Il-1,18,1) 
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sf As force: of gravity is attractiverand $0) —vey-potential iszero at 
infinity, and as, the body moves towasds the earth in the direction, of 
the force: the» work» done and hence: the potential energy vis. ye 
(see s 461) ]. 5 i 
Now the K. E, of the revolving satellite which ‘must ‘always ‘be 
—ve is 


K=}mo"r* = moirr= ae 


Ke jot? = at 1O: Kean tm (U-1.18,2) 
otal energy B= PE+KE = — 2" 5 Mmi 1g aM 
i (1-1.48.3) 
The total energy is this constant but —ve indicating that 
the system is a closed one, the 
satellite or «the planet’ being 
always bound to the attracting 
planet or the sun and never 
escaping. Fig. 1-119 shows 
r the relation between the 
energy and the separation, 
further the satellite, léss —ve 

U ` BEKO is its energy. j 
Nate: The same picture 
holds for the electron revolying 
round ‘the proton in a 


tnikov —— 


ê 


Fig 11-119) 

hydrogen nucleus, EOE, 

Because of air friction energy of a satellite gadually. diminishes 

and it falls to a lower orbit, the respective ‘energies “being 

—GMm/2r, and —GMm/2r,, As r, >r, it follows that GMm/2r, 

>GMm/2r, ie. from Il-1,18,3 diminution in PE is twice the 
increase of K.E i.e. there occurs a loss of energy on the whole, 
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` -2 
STRUCTURE AND PROPERTIES 
OF MATTER 


Tl-2.1, . Three States of Matter.: 

Day to day experience tells us that matter exists in three forms 
or states solid, liquid and gasesus, - Scientists recognise:a fourth state 
of matter the plasma, matter’ totally “ionised at a Nety.yery jhigh 
temperature showing none, of the properties of matter we. know, 
It is the stuff stars and our suw are’made of, 

Solids have definite shape and volume, aliquid has volume but no 
shape, gases’ neither, A liquid takes up the shape of its container 
while'a gas both the shape and volume of the same, We may. put} 
their differences this way—a solid»is to\be supported from below to 
prevent its fall, a /iquid is to be supported from its ;sides.in addition, 

Lwhile a gas is to be limited from all the directions. As liquids and 
* gases can ‘flow, they are called fluids, 


“112.2. Common Properties of Matter : 

All types of matter exhibit the properties detailed below— 

. (i). Inertia +; This, the most basic of all properties of matter, 
relate tothe facts given in Newton’s first law of motion, that matter 
can(i, neither start moving nor when moving, change ii) its speed 
or (iii), its direction of motion by itself They have been discussed 
in detail,in connection with Newton’s laws of motion, 

(iiss Gravitation: Any rwo particles or bodies attract each 

f other anywhere inthe universe, . This has been the subject matter of 
the previous chapter, 

(iii) Extension: Each atom must occupy some space, howeyer 
ssil Assrepulsiye, force comes into play when they are closer to 
each otherthan a ¢ritical, separation . So matter occupies volume, 
This property of matter is called its extension, 


(iv, Porosity: The above point indicates that there must exist 
empty spaces in, between, atoms,of matter, This separation in solids 


-e Fortoe ‘more inquisitive student. | Maybe omisted:hy, others, 
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and liquids is of the order of 1 Angstorm unit (=10-79 m) Hence 
matter must be porous, This is the property responsible for osmosis. 
and diffusion in liquids and gases, Very slow diffusion occurs in 
solids also, 

(v) Coripressibility : Because of porosity, matter may be 
compressed to more or less extent, inspite of atomic repulsive forces, 
For solids and liquids compressibility is very small, while gases are 
highly compressible. Compression is- always: opposed and that 
happens because of the property of elasticity, i 

(vi) Elasticity : All matter tends to maintain its shape, size or 
volume ; for under that condition only the potential energy in it is 
minimum. Compression or dilatation requires work to be done and 
hence storing up of potential energy. Elasticity is that property of 
matter by virtue of which any tedency to deform the shape size or 
yolume is opposed and it regains its original condition when the. 
balanced system of deforming forces is removed. 

(vii) Impenetrability: Two different pieces of matter cannot 
oceupy the same space, Drop a stone in water and it displaces ity 
own volume of water to take its place, To some extent it is opposite 
to porosity but note that the latter is a small scale (microscopic) while 
the former a large scale ‘macroscopic) property of matter, 

(viii) Divisibility: Matter, particularly solids can be broken 
down into smaller and yet smaller parts ; you can take out from a 
container small amounts of liquids or gases, In no such case, the ` 
physical or chemical properties do change, You know that these 
remain unchanged till you reach the molecule or for elements, atoms, 

(ix) Cohesion and Adhesion : Water sticks to glass, paints stick 
to wood, glue adheres to paper, tin to brass—all these happen due 10 
the property of adhesion, When attraction is found to occur between 

molecules of different substances, adhesion is said to be active. 

Cohesion is said to be responsible for molecules “of any given 
substance sticking together, It is due to cohesion that a piece of solid 
maintains its shape and resistance offered to breaking it down. 

1J-2.3. Molecular structure in relation to states of aggregation 
of Matter : i 

As the smallest piece of any matter is its molecule, it should be 
possible fromthe atomic or molecular theory of: matter, to. describe 
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and dërivè thë'tliree states of matterrand their: properties,“ Atothsior 
molecules of matter are always in motion, the magnitude of which 
depends upon temperature, In fact, the temp, of a gas is proportional 
to the sum total of the kinetic energy of all its molecules (Chap. 1Y;6). 


A. The solid state : A solid piece of matter has’ a’definité shape 
and size and it resists strongly any effort to change either, It hasa 
definite boundary surface all around indicating very small -molecular 
movements, f 


To explain these characteristics, molecules of a solid are assumed 
to be confined in’ small intermolecular ` spadés!’' Strong’ forces of 
attraction and” ‘repulsion’ keep ‘them so 
bound, to! their individual locations, 
We may take. them to be bound by 
small springs ( fig. TI-2.1 ), A’ solid 
thus behaves often as if it isa micro“ 
scopic bed spring, the molecules being 
held “together “by elastic forces.» The 
neighbouring parts ‘are strongly 
attracted ; hence’ increasing molecular 
separation face'Strong resistance ; same 
happens ‘in ‘efforts to diminish the 
separation (springs requifé “strong Fig. 11-2.1 
forces to, tense or to. compress ), - This explains the stress or internal 
resisting forées sét up whitn’ deforming a solid, This behaviour leads 
to elasticity ( to be developed in the next chapter ). This model ilso 
clears up the properties of compressibility porosity, divisibility, 


‘The: molecules ‘however are not at rest’ but vibratingyamplitudes 
‘being restricted bY the’springs. At all temperatures other than ‘the 
absolute zero, the molecules vibrate, amplitudes increasing with 
temperature. This fact explains increase in. length or volume of a 
solid’ with rise in temperature, » The molecules possess both kinetic 
and potential energies ( like a pendulum Y because of stich Vibrations, 


A heated solid at some temperature turns into a liquid and begins to flow 
But a sharp line between the two states cannot always be definitely drawn; for 
many (non-crystalline) Substances the change of state it not sudden, but gradual, 
Take a stick of sealing wax and give it a sharp blow ; it ‘breaks apart into sharp 
pointed fragments as a slid should. But take such a long heavy stick ‘and’ keep 


4 
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it horizontally ) supported at the twoends, Afterajlong, time you will find it 
sagging in the middle as if lowing very sluggishly... A thin glass tube is fragile but 
hold it over a flame and it will soften, bend and sag, you can draw it intoa 
capillary. Sharp glass edges held over a' flame is f-und to soften, curl on itself and 
turn blunt. A large’ piece of asphalt appears solid and brittle Obut’ put ‘ic over a 
sloping tin roof in the sun ; soon you will find it very. slowly flowing. A piece 
iy ip pes 7 i108 
of cork buried in pitch is found to surface up, of course a long time later. Vast 
glaciers on mountain sides, those fields of solid ice have been ‘found to flow 
downslope an'inch or two, a year. These’ plastic or non-ctystalline substances 
possess viscosity a property characreristic of hquids and hence behave thus. 
Crystalline solids do not however do £0. 

B. The Liquid state : These have definite volumes but no definixe 
shapes, A liquid shows a free surface but assumes the shape of the 
container beneath, It strongly resists normal forces ( perpendicular 
to the surface ), that tend to compress but very weakly resists shearing 
‘forces ( parallel to the surface ), Such a force therefore can move. the 
Jiquid surface so that it would flow, In all liquids inter-syrface 
frictional forces oppose such flow or relative moticn between two 

adjoining layers, due to its property of viscosity.. Plastic solids 
(described above, are in fact very. viscous liquids. 

When. a liquid is poured into a large vessel it easily. flows. sideways 
until halted by the container walls so as to take up the condition of 
minimum potential energy. -Henceit is that a, liquid assumes. the 
shape of its container and has a. free surface. 

To explain the transition from the solid state'to the liquid and vice versa the 
following model is assumed. tv hold... As a solid is, heated up the molecules 
vibrate with ping amplitude, At a critical, temperature (normal, melting 
point) characteristic of the material. the restraining springs suddehly snap, all at a 
time as it were, and the molecules collect in numbers of close-kriit swarms’ which 
move about at 1andom,/ with speeds characteristic of temperature... Within a 
swarm, molecules are held together by forces uf weak. intermoleculer attraction 
on pay are separation by Strong tepulsive forces, also intra-moleculat. 
T “elite a liquid has a definite volume and is very nearly incompressible. 
‘Again with ‘tall in temperature this thermel motion slows down! They coll-ct at 
last in local groups and a debinite geometrical shapes This shapeis such as to. huid 


the maximum number.of molecules... These groups may or may not be in relative 7 
g 


motion. Again, below a critical temperature (the normal freezing point the groups 

stop moving, coalesce’ together and freeze itoa solidi” Molesules uccùpy fixed 
positions and move to and fro relative to that position. ` i 

C. The Gaseous State: A gas resists compression’ weakly’ but 

> expansion not, at all., It occupies the entire interior of a closed 
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space and its various portions can be held ih position’ only by applying 
external forces, ‘The molecules. are quite free to move, do so quite 
fast and exert on the container walls perpendicular forces, 


To explain such behaviour of a gas in a vessel it is consideted as 
a collection of fast-moving particles with large separations, They move 
at random, collide with each other and container walls, collisions 
being elastic and very short-lived, Gas pressure results from’ the 
‘change in momentum due to these collisions, Later’ detailed 
discussions in this regard will be provided in Chapter 1V-6, 

The large inter-molecular separation produce little attraction 
between the flying molecules and they continue to rush on till 
rebounding from the container walls and thus fill up the entire space, 
Diminishing the volume leads to rise in molecular density and number 
‘of collisions. So the gas pressure on the walls rise and hence opposes 
the compression of a gas but not its expansion, 


The motion of gas molecules depend primarily on their masses and 
temperature of the space, At a given temperature heavier molecules 
move-slowly but with: rise in temperature’all molecules move faster, 
At the freezing point of ice, a hydrogen molecule would cover avmile 
each second, i 

It is the change in attraction ‘between molecules with change of 
state, that is responsible’ for‘ change in molecular motion and that 
again with change in separation, . It cis remarked that, molecules in 
the liquid state retain some memory (i.e. intra-molecular attraction) 
of the solid state, but in the gaseous state, not at all, 


D: Plasma $- ‘Though it is regarded as the fourth state of matter, 
nothing of “what -we understand as matter is retained by: it, 
At millions of degrees of temperature as in the cores of sun and stars, 
all atoms and molecules are stripped of electrons and get ionised, 
Naturally in the crowds of nucleii, protons, or electrons we cannot 
expect to find properties obtaining in well-knit atoms ‘or molecules, 
Plasma is this ionised gas which because of the charged nature show 
properties totally alien to what We find “in “uncharged gas molecules 
Though very strange to learn, most of matter in the universe is in the 
plasma state and very little in the three states we know so well. 


ph et a 
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1l-2,4. Particle-nature of Matter : 

Millions of particle goto form any piece of! matter, You» know 
that (i) the smallest particle of any substance is a molecule (ii) that 
of an element is an atom and (iii) an atom is a_ stable configuration 
of protons, neutrons mi electrons, . The particle nature of matters is 
certified beyond doubt, by the phenomena of Brownian motion. in 

liquids and. gases, the various conclusions from the kinetic, theory of 
Bot the diffraction-spots of X-rays scattered by, solids ; the last 
nomena , is absolujely impossible for a continuous medium, 

We now try to estimate the separation molecules in the 
_ three states of matter, From the spreadit “oil on water it has 
x surmised that, the diameter for an, oil molecule cannot exceed 
0.5A,( 1A@107%cm ). Diffraction experiments with X-rays. clearly 
„indicate, that. inter-atomic separation inside a. crystal is about 
3A only, In solids and liquids such separations are nearly the same 
. and the maximum range of intra-molecular attraction is of the. order 
-of 40A only. We now calculate this separation in a gas, At N,T.P. a 
mole of a gas occupies a volume of 22,4 litres and contains 6,02 x 1023 
molecules, as you know from chemistry, Taking gas molecules as 

spheres of diameter d and volume V we have 

22.4 x 108 co 

Ve - 
f in 0.02% 108% 


A 22,4 LT e 
1 des 4 om 


This diameter is the closest possible separation between centers of 

_ gas molecules—11 times as much as the separation between solid 

molecules and more than thrice that of the range of molecular 

pee. No wonder that the gas molecules Jose all memory of the 
State, 


1-2.56. Intra-molecular Force : 
That the range of inter-molecular forces should be very small is 
intelligible for if two pieces of matter be placed quite close, to, each 


other no force other than that of gravitation is found to act ‘between 
them, Yet we have seen above that the macro or bulk behayiour of 


| 
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matter in’ Alf the thred stites may be roughly explained by asstniing” 
these forces to be acting As we have noticed above, these forces” 
rangewover no more than a few atomic diameters,’ An atomic 


diatheter is estimated nöt 10 exceed ik, an 


Intermolecular forces originate from rwo main sources— 

(1) Because of interaction between a molecule and its neighbours,... 
potential energy is developed, This interaction arises from electrical. 
aod not from gravitational effects and 

(2) The thermal motion arises from kineti¢ energy of the 
molecules, 

Their ratio it is, that goverlis the states of matter and their 
characteristic properties, 

Molecular Potential energy and Fotée : Though even a small 
piece of matter contains millions of molecules we shall choose a pair 
of them only to discuss their mutual potential energy (U) and force 
(F) where Fee (—dU/d?). 

Normally they should 
be so separated that there 
will be no force exerted 
between them i.e. no mutual 
potential energy. That 
separation is equilibrium spac- 
ings This spacing at absolute 
zero if takeh to bet, If the” vam Ad À 
septation eee thi chici” Wig ad, 

Spacing, attractive force comes ~ 
into play while at less separa- 
tian the Torce itis rep 


Entacy u) 


remains’ stored tp ad "the 
pare =a In fig 11-2,2 
variation’ of the“ fortes” ‘of! 


Fig. 123 i 
as jointly In’ the next figure I-LI is shown how the potential 
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energy (U) aquired by changing separation varies with intermolecular, 
spacing (r). 

Finally än fig, 11-2.4 are depicted together the variation with 
separation (r) of both mutual force (F) and potential energy V by 
the curves MENQ and ABCD. Force and P. E. are related quantities, 

Observe that at equilibrium spacing (E) the interaction force is zero and the 


mutual potential energy (EC) negative anda minimum, It is so along BCD i.e. 
most'ofithe time. The force curve 1s similar but flatter. Zero P:E, and zero 


u 
Mm 
Wps (-dv/dr) 3 
` -00 


A 
2 «Repulsive r<ro 
V geequilibrium r=ro,, 


1 Attractive ro 
Y Point of Inflection: 


x 
x 
G 


Fig U-24 € 

mutual force do not occur for the same separation. Also note: that attractive J 
force (conventionally —ve) and P, E. for r>r, tises'for more.gradually than does 
repulsive force (conventionally +ve) and P, E, in the Tegion r&r, | Repulsive 
force is therefore far stronger for a given separation than the Suineite force for 
same separation. It follows also that a molecule. or atom displaced beyond: its 
equilibrium spacing would be vibrating for the force is always directed towards 
the equilibrium position,” Position of and force-directions on the pair of 
molecules are shown for r<r,, r=r, and r>po. 


As in the previous case r= rp represents equilibrium separation 
between the particles, As the separation between them is increased 
corresponding to tension in the last diagram, work is to be 
done on them and the total potential energy is negative as shown by 
the- curve I(II-2.3', When the particles are pushed closer than their 
equlibrium spacing ( represented by d the point of zero force ) 
work is again done and this is positive for it corresponds to com- 
pression in the force-separation diagram, This is shown in curve II, 
Adding these two graphs we obtain curve III the general pattern. 
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Note that at the equilibrium separation mutual force is zero but 
not the potential energy ; there, it is at’a negative maximum, i.e, 
lowest possible value. 

Hence there appears a` clear’ asymmetry in the P. E.—Separation 
curve;{ABCD) as also fr the force-separation curve (MENQ).. We 
conclude (i) a weak. attraction force and a. much stronger repulsive 
force exist; their mutual effect (ii) produces an oscillation of solid 
molecules about their mean positions. These conclusions, we shall, 
Jater find would help us to understand (a) elasticity, Hooke’s law 
breaking strain (b) thermal expansion (c) latent heat of vaporisation. 


II-2.6. Atomic and Molecular bonds- 

In solids and liquids atoms and molecules are bonded together. 
Bonds may be of different types, But all of them arise from the 
Covlomb force of attraction between the +vely charged nucleus and 
the revolving —vely charged elec'rons, in atoms, 


Generally speaking, = the distance between the, nucleus, and the 


electron is no more than 0.5A. Charges being equal and opposite 
an atom is electrically neutral and the resultant electrical effect 
goes little beyond the atom, When, say two hydrogen atoms ( H. H” ) 
are a little apart (1 in fig, 11-24) there appears a weak 
attraction =for protons and electrons do not coincide here But as 


in the uppermost (3), if their. centers are less then 1A apart they 
cannot interpenetrate and develope a very strong repulsive force ; 
at this separation. the force experienced, by the atoms no eager 
retains the simple coulomb form ; for each of the two protons and 
two electrons affect each other, developing | two pair of. forces of 
differing magnitudes, It is the ‘weak attraction that forms a 
hydrogen molecule and still weaker molecular force, is responsible 
for liquefaction and solidification at much low temperatures, 

It is: very remarkable that the interacting forces between atoms, 
that go to build up molecules, have some common characteristics 
—of'which strong repulsion at short separation .and weak attraction 
at larger separation is ‘the chief—though atoms can be of any, 
number in’ a molecule, two in Hydrogen to: millions of them in a 
human DNA molecule and of any type from hydrogen to uranium, 
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Four -types of bonds namely ionic, covalent, metallic and Van der, 
waals type; are discussed, below,, i é k 


A. Ionic Bond: In crystalline solids like NaCl, the Nat and Cl- I 
ions ‘take up the positions as shown in fig, I1-2.5a;° Na «donates: one 
electron ‘very easily to ‘Cl and they turn into oppositely charged!” 
ions, In a crystal they are held together by coulomb attraction. 
Tonic bonds are quite strong: i 

B Covalent, Bond: One electron moves from one atom ofa 
Hydrogen, atom to the other very easily. Then the donor atom ig 
becomes +vely and the acceptor atom becomes —vely charged, and 
hence attraction eae between the two (Higy II-2,5b), 


Note, that the same: electron is shared between iv two atoms but s 
not transferred from one atom to the other as in the onic bond. It 
is the covalency between neighbouring carbon atoms, that, gives such, 
large strength to diamond, The stablity of hydrogen Polesie 
and high’ melting’ point of’ diamond show the covalent: bond: to, be 
a strong:one, 


free fer hie elasiramaang i 


lontcbond Covalent bond Metalic bond Vander Waal’s 
bond: » 


(a) w (b)i (c) Aa) 
Fig. 11-2,5 

C. Metallic Bond: Every atom in a metal has one or two free 
electrons that move about inside the metallic crystal lattice at random 
thus making the atoms: steady +-ve ions: (Fig. 11:2; (Se), ‘This: bond 
resembles the covalent one but a free electron remains bound to, noci 
atom:in particular ; this: bond is a: weak one and is xesponsible,for- 
the solid-state of most metals, Free electrons, conduct, sheatygand j: 
electricty. | Wieddmann and Franz, found the ratios of these, 
conductivities, tovbe constant, I 


STRUCTURE AND PROPERTIES OF MATTER 57 


D. Van der waals’ Bond: If we consider a long enough 
interval, we may take that the center of the electron cloud would be 
at the ħucleus of an atom although the electrons are in continuous 
motion); But at a given instant more of these electrons may chance 
to be on one side of the nucleus when their center will no longer be at 
the nucleus but will shift somewhat, forming a dipolew (fig: IJ-2:5d). 
This’ idipole would) then» attract) more electrons from, neighbours 
forming more dipoles;: » Between these dipoles exist weak attraction.» 
This bond« is» named ‘after Vander) waals who, had assumed similar 
weak attraction between gas molecules 

Summarising the above discussions“ we conclude—(1) Strong 
ionic bond arises out Of strong attraction between oppositely’ charged’ 
ion8'in a crystal ; (2) Sbating of the’ same’ electron between two 
atoms produce strong “Covalent bond: (3) Randomly moving free 
electrons in a metal piete ate responsible for weak metallic\bond) and 
(4) Thè weak Van der waals bond arises from the interaction between 
an atomic nucleus and its electron cloud. 


* Aldipole isva’pair of point charges at aysmalk separation, It is very much 
like-a molecular magnet envisaged by; Weber, 
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IESI Elasticity: it 

Ii mechanics we have’ almost always spoken of partiblent r 
Whenever we have introduced a bedy it~bas been: characterised ias\.” 
perfectly rigid ie. such bodies are-not deformed however large may’? 
be the force applied on them ; no’ forces: can alter) the separation 
between-their constituent es tee But none: of them, a particle or 
a rgid body, actually occur. in. practice, they are idealised. and simplify- gi -i 
ing yassumptions.., All bodies. even very, small ones have some... 
dimension, and under the action of equal and. opposite (uolike) forces . 
suffer: deformation, i.e, change, in shape or size,. On removing the... is 
forces they regain their original shape or.size; They are said tobe. 
elastic bodies and their bebaviour is due to one of the fundamental __ 
properties of matter, elasticity. In mathematics, elastic deformation 
is treated as the mechanics of deformable bodies. 


In the last chapter we have learnt that elasticity is a:property of’ 
matter because of which bodies oppose any tendency to. chasge its 
shape or size and restores the body to its original shape of size’ 
whenever the deforming forces are removed. As instances consider 

F i) pressing a rubber ball enclosed between your 

A iwo palms; it gets squeezed which changes its 

volume (ii) pulling a rubber cord with your 

two hands when it gets lengthened i.e, its length 

is changed (iji) twisting the free end of a long. 

thin rope hanging from the ceiling, which changes 

its shape. In all cases, if you have not deformed 

any one of them much, they would come back. 

to their original configuration when you stop 
applying the be deforming forces, 

Remember very carefully that while unbalanced’ 
forces produce motion, balanced forces acting on 
a body produce’ deformation: Consider, \a spiral 
spring (fig. II-3.1) supported rigidly at its upper end and-weighted!” 


F 
Fig, II-3.1 


ELASTICITY © 59 


at the lower, If the, lower.-sead:, is _ puled_. downwards. the 
spring is, acted on by two forces which balance, namely, (i) , the 
applied downward pull, and (ji) an equal and opposite pull exerted 
by the ,support on the spring The result of these two forces 
is an elongation—a. deformation—of the spring. Very, often we 
leave out of our consideration. the force exerted on the spring by 
the support and speak of the elongation as being due to the pull 
exerted on it In § IJ-2,5 we have seen why it so behaves, 


Ia the above example, the hand that pulls the spring experiences 
an ; upward force. This upward force, brought into play by the 
deformation. of, thes spring; ;resists the deformation. . It is larger, 
the) greater the), applied pull, When, the,.pull is removed, the, 
spring .regains.its, original length., This simpe obseryation shows 
(i) -Whea a body, (here the spring) is deformed, the body, resists - 
the.deformation and 


(ii) When the deforming force is removed, it tends to go back to 
its original condition, ié 


Let us consider the above example a little more in detail, Suppose 
at the free end of the: spring we hanga load, The attached load 
starts coming down because of gravity ; but while the upper end of 
the spring remaining immovably attached, its lower end moves 
increasing the separation between its turns and hence its length, A 
little later after a definite elongation the load stops de:cending 
Clearly two forces, reaction of the spring. at its clamped upper end 
and the weight of the load downwards, must have been equal unlike 
and collinear so as to (i) increase the separation’ between its turns, 
(ii) theteby increasing the length’of the spring’ and (iti) bring the 
system to equilibrium and rest, A body in uniform linear motion is 
also in equili briu n, f 


If yowfurtheri elongate the spring by. pulling down. the. load. further s: 
you will feel the spring also pulling your hand'upwards: \ This is the = 
force opposing deformation. Hatder you pull the load down, greater 
is the force you feel upwards, just,according to Newton’s 3rd law, 
Note that the spring and your hand form an isolated ).or; closed 


system, 
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fI-32  Deforming Fortes and Deformation. 

Robert Hooke in 1678 had enunciated the fundamental law of 
elasticity in the form that deformation produced is proportional to — 
deforming force. The statement applies toall deformations provided they ~ 
are small, The statement that goes by the name of Hooke’s law now, 
was enunciated by Thomas Young in 1802. We discuss it in detail later. y 


If the force F has brought about an extension of ôl in the spring 
then according to this law s/« Fand the opposing i, i.e, elastic force F, 4 
is equal and opposite to it and we may write 

F= —ksl (TH3,2,1) ~ 
‘The ‘variation constant’k, the elastic force developed by unit ‘extension’ 
is called the spring constant already discusséd in’ introducing’ S: H.M?" 
In fig, 11-2:4 poe that near E the equilibrium point (r='r,) the graph” 
IF V8 r iS approximately ast, line i, e, extension proportional to applied 
force, k is the negative gradient ( — dF/dr) of tangent to ‘the ‘curve'at E. 
‘Thus is Hooke’s law physically explained, 

Elastic Potential Energy. Elongation by the load against clastic 
forces means work done against a force; this generates potential 
senefy’ that is stored ‘up in the tengthenéd spting. For producing 
an elongation Of /gainst the direction of F,, the Work “déne ‘will’ be |” 
—kl and the éxtra work done in farther @longating by di will be 

~ dW=-kK—dl) 

So the total KE done’for an elongation’ of 7 will be 


Weft dl A4kl*=Fkl 
= 4 Applied force x extension (11-3,2.2) a; 
Note that work, done must be» +ve as it involves a squared 
directed quantity (/). ~ This means: that same work is done. if. / 
is compression instead of elongation, 


Example. 1I-3,1. The force constant of a spring of length Lis K. It is cut into 
Wo Parts’ of lengths Lard’ wheré lnl';n being an integer: Find kand k! the 
Sorcesconstants of the two parts. 

Solution : Here Lal+l =+ ljn=lint Din 

and similarly Lol+l's(n4DI 
a given spring koe 1/2 or Ik=const 
A KSAH Dla or kK In A 
and similarly k!/=K(n-+ 1) 
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Ex. II-3,2, A 20 ton railway engine struck a wall andeach of its two buffers 
was compresed by 10cm. Find the energy stored up in them if the force constant 
of the spring is 1 ton-wt per cm [1 ton=1000 kg, f 


Solution: By Hooke's law compression is proportional to force. So'the force 
on each bufler= 10x 1 ton-wt=10x 1000 x 9,8N=9.8%104N 

«+ „P.E. stored in the two buflers=2 4 Applied force x compression 

=2X4%9,8x 10* x 10-* 
=9,8x10°J 

Problem. 50 kg-wt stretches a wire by lcm. How much P.E, will ‘it aquire 
if stretched by 2 mm? Í (Ans. 1J) 

Il-8.3. 0 Some Definitions : -The concepts elaborated here have 
been introduced in the context of Collisions in Chapter 1-3, 

The material ofa body is said to be perfectly elastic if on 
othe removal of ‘deforming’ forces it regains completely its former 
shape and size, 

Whea the material retains its deformed shape and size unchanged, 
after the deformitg forces are removed, the materialis said to be 
perfectly plastic. 

A body is said to be perfectly rigid when no amount of applied 
forces can deform it, 

Allaf these three are idealised vabstractions only, ‘they do not 
exist in nature, ,All) real; bodies suffer. more or less deformation 
when deforming forces are applied ; also they return; more, or less 
to; their; initial dimensions, when. such forces are remoyed,, They 
are said tobe partially elastic, We shall discuss only such. bodies. 
They, would all -be solids, In the discussions that follow a force 
_ must be taken -as, a, balanced system of forces, Deformed bodies 
take some time to regain their original, dimensions, _ This. behaviour 
is said, to be due toyelastic hysteresis ( hystere—to lag behind ) 

which of course changes,with materials, - Joule had, observed the mane i 
bulb of a sensitive thermometer to go on contracting for 40 years * 
after it had been strongly heated, Further, we shall consider only 
homogeneous (same density everywhere): isotropic (same property 
in all directions) bodies under, isothermal (unchanged temperature) 
conditions only, -Crystals are anisotropic ; and change in tempera- 
ture affects elastic properties of a material, Remember, under a 
balanced system of forces, a body does not move as .a. whole 
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| jts lower surface, Similarly, the:lower portion must be acted on by 


2 Many authors prefer to define stress as the applied force/unit arta, 


but. its, parts ,suffer relative displacement , and it is said to, be 
strained. Pien AINA ‘ z, 
„Strain: = lf the shape or size of a: body changes; under. the acticn 
of a pair of balanced forces, the: body -isto be strained.» The 
change in shape or ‘size that’ it“ undergoes is ‘its’ deformation. * The 
fractional deformation or the “relative change so produced, is its 
strain, i > 
“tress. When a body in equilbrium is strained, forces’ applied 
to it are transmitted! (throughout. the! !body, 
a =e ao setting up. reactional forces. within the body. 
iii Then if we consider an imaginary surface ($) 
ian within the body, the part of the body.on one side 
LA of the plane will exert a force across the surface 
| on the other part, Such a force per unit area 
of the surface is called stress. Stress. is 
measured by the force per unit area. The 
e force can be divided into two con ponents ; 
E One perpendicular’ to the surface and the 
(a) (b) other parallel to the surface, The perpendi- 
Fig. 1-3.2 cular component is called the normal stress, 
. dnd'the parallel component, the tangential stress. - i 
Fig. If-3:2(a) shows a rod AB/of original length'‘Liv A longitu- 
dinal pull due to'a force F has increased its length by’ /’(fig, I!-3,2b). 
If Wwe consider any imaginary plané S*anywhere'perpendicular to F, 
‘the portions of the rod’ both above ard below S are in equilibrium, 
‘Consider ‘the equilibrium of the upper portion, The upward force Fon 
‘jt must be balanced by an equal and opposite force’(F,) acting across 


F 


a force F, upward across S, As there is equilibrium, we- must have 
F,=F,=F. The lower portion exerts the force Fy across’S on the 
‘upper portion, The upper portion exerts the force F, on the lower 
portion, also across S- F/S is the longitudinal stress, Had we “taken 
-S parallel to F, the stress across it would’be zero, 


* as Fi =F, F, internal forces equal to external ones, 2 
Units of strain ‘and ‘stress. “Let a ‘piece of wire, rigidly — 
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supported:at i1s,upper|endy be. stretched bya load.atiits: lower end 
‚As: the load increases, so does the elonga'ion, If 
i & -essthe elongation forja.load Æ 
] =the initial length of the wire, 
a=area_of cross section of the wire, 
then strain=e// and stress= F/a, Strain, being a ratio of two 
similar quantities, i expressed as_a pure number. Fis in reality a 
force, Hence stress is to ‘be „expressed as a force per unit area, Note 
that this is also how we shall express a pressure, Often F is 
expressed in mass units, like kg-wt, It-wt, ton-wt etc, 
_ In cgs, mks and fps systems units of stress are respectively 
dyp/em?, Newtons/m? (nowadays called pascal) and Ibf/in?, 
The dimension of stress will be FIA or MLT~3/L? = ML~*T-4 
Ex, 11-33, A wire, 2 metres long, elongates by 1 mm apdor a load. Whai is 
ithe strain? 
Soulution; Strain = elongation/lengch «1 mm/2 teres /200000,0005. 
Ex. 11-34) What must be the elongation of a wire 5:metres long so that’ the 
strain is 0.1-0f 1% 2) 


‘Solution: 04 ot 1% mh iof sb 1600" 


ot, (Elongation strain K lengthen% S metres m5 mm. 


Ex) 11-35.) If a wire has @ cross-section of t mm” and is stretched by a load 
of 10 kg what is the stress? 

Solution : Stress=Load/area = 10 kg-wt/l mm? = 1000 kg-wt/cm® or 10° gm-wt/ 
“enn 980 dy sies/ein”95%10°N/m*, 

r istic, limit, In the case of a siretched wire, we find that the 
ry Tegains its 5 initial length on femoval of the load if the load does 
“not exced a certain Jimit, ‘Tf the limit is exceeded a permanent 
increase in the length occurs. This limit is known as the elastic limit. 
_ Such a limit exists for all kinds of strain, 


If we plot the extension, of the wire Ẹ 
under different loads, we get a curve = 
as shown in fig, 11-3, 3, The graph isa 9 
straight line upto a certain point, The f 
load corresponding to this point divided  ~ saa gi say 
by, the cross section of the wire giyes the Fig, 11-33 


elastic limit, ` Upto the clastic limit, the 
extension is proportional to the load i.e. s'ress proportional to strain. 
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1Ł3.4.A. Hooke’s Law. © Thefundainéutal law relating to 

was discovered by Robert) Hooke, As modified by Young it states 

that so long as the @lastic limit is not exceeded the stross te 
proportional to the vrata 

© Stress aa constatit (day, E) X Suain, 7 

The ocistit has a value characteristic of the ‘material of ‘the 


vat dy, and is ‘called the modulus of elasticity. t Tan E 


oF 


i moduli of tlditicity Sepeddidg on the nature of thé strdin, 
depends upon the material and nature of the tod), 
the nature of stress and témperature. Gederally it diminishes ‘with 
rise in temperature, Small amoun's of impurities also affect je 

modulus which is sometimes deliberately introduced fo attain 
required Boal. By the nature of stress we recognise three, na 
Poca volume and shear. When a'Wife is "pulled or a thin 
pushed: with -equal forges from both sides, the sires is longitud 
Whien a body is compremed or teed irom all sides, the stress is 
of volume, When a pair of unlike opposite parallèl forces ‘or couples 
change the shape of a body, a shear stress is said to be applied. } 


B. Verification of Hooke's law. To verify- Hooke's law we can 
we a spira) spring Wa sabe nclovastion nee Jendiae the 
and the load itself as the stress, a 

Clamp. a metre scale vertically 
with the zero mark uppermost 
fig. 11-3,4), Suspend’ the spring 
a tigid damp. Attach a long pia 
to its lower tad wô tiar the tip 
of the pin ‘moves “over ‘the 
Vertical icale. Attach a weight to 
the bottom of the spring so"that any 
Kinks is the Spring are removed. 
Note the scale reading (J,) Gradually. 
increase the lodd W at the end of 
the ‘pring (The kitik-removing Idad 
ma me wel Aaa DA 
AA a 0 te ST be es t 


PE 
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Plot graphically the load W along the x-axis and the corresponding 
elongation {/ =/,) along the y-axis, The graph may be a straight line 
allalong (fg 11-3.3,: This.shows that stress is proportional to strain 
and the elastic limit has not been exceeded, Or, you may find: that 
the graph, after running straight upto a certain distance, slowly bends 
(fig. 113,8. The poist of bending marks the elastic limit ofthe 
spring. The load W corresponding to this point or the corresponding 
elongation. l= /,\ may be taken as the elastic Jimit of the spring, 

O. Spring balanco measures a force, The above diagram 
illustrates. the principle of a spring balance widely used to measured 
weight. Hooke had first discovered that the extension of a spring is 
proportional to the load it carries, an observa- 
tion that ultimately led to the law assosciated Q 
with his name, It holds whenever a spring 
fixed at one end is pulled axially in any 
direction, The ratio force/extension is the 
spring constant, wehaye already come acros, 

A spring balance (fig. 11-3.5)_ has a spiral 
spring attached firmly to the body of the 
instrument carrying a book at the lower end 


slong it and reads off the unknown weight 
suspended at the hook, The figure gives you E 
the appearance, working and principle. ve nosi 


The instrument measures the weight (ms) 

of @ body Le the force with which the earth attracts it, Since. mane 
of @ body remains unchanged it can be wod to measure gato 
diflereat places on, above ot below the surface of ihe earth, o 


D. Vibration of a weightless spring carrying a polst mase 
at the end. ‘prt 
Consider the spring to be of length aad negligible weigh! hanging 
vertically fram a fixed support. Let it carry © mas mat-i lower 
endy Theisptiag exteads.a litte, the sewuliact iecreased tension 
supporting the load, 
5 
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© ‘Let the load be pulled down by a small distance a from 
4 this position (Fig. 1-3 6;. The 
ey h) (9 spring will then exert a restoring 
f —— pull on the load which, for small 
extensions, is proportional to 
the extension, The additional 
upward pull on the load will — 
therefore be kx, where k is the 
pull per unit extension of the 
spring. The equation of motion 
of the load will be given by 
mf= -ka 
Fig. II-3.6 or f=1- 1(kjm)ja= — o"a. 
Acceleration being proportional to a the motion of the load is 
le, with a periodic time 


TE y Seo Mee ev kfm, 
Next we find the force constant & in this case, From Hooke’s 
law, here 
Stress = Yix (Strain) where Y is Young’ 8 modulus of the material” 


or F/s= —Y.a/l where F= mf) is the restoring force, 1 j length 
and s en of cross-section of the wire, 


. J= es or the force const k= fja = Fojl 


p no} JYsjml ; , (11-3.4 1) 
I1-8,5.. Modulus of Elasticity * EEA 
The more important amongst them are (1) Young’s modulus 
(2) Bulk modulus (3) Modulus of Rigidity and” (4) Poisson’s 
tatio, The last however is a ratio of two strains in perpendicular 
directions and hence a pure number, Besides these, axial and dilata 
tional elasticities are also recognised but we shall not consider them. 
_ Solids possess all these moduli while fluids (liquids and ga'e) 
` only the bulk modulus, 
«tte Considering elastic deformations we assume that ~ 
KË Strains occur isothermally, Actually slight thermal changes 


‘dovoccur, So you should wait a little before: taki 
readings after 
loading a wire ae ae 
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(ii) The elastic behaviour of ia body is independent.of its past 
history i.e, it. carries no trace. of its earlier stresses and strains, 
Actually it may do so, because of elast.c hysteresis, This is another 
reason for you to wait a little before taking readings afier loading or 
unloading a wire, 

(iii) , Deformations take Pee freely always, . without. any 
opposition, 

(iv) Strains are small ee for their higher powers or) products 


to be negligible. + Pii 
Longitudinal stress AA, 1-3.5: 
(1) "Young's modulus T ngitudinal strain. Bii, >) 
where the axial force applied is F on an area ,of pone Re A, 
ôl- is. the change. in length on a wire or thin rod of length /. Force 
and strain act a long the same direction, 
i «Volume stress =E 11:3.5:2 
G) Buik modius = yssiran o aor vI e T 
Here. p isthe pressure applied normally on a body of volume V, 
producing a diminution of ġv of it, P 


(3) Rigidity modulus = Sone ae 


tA Coy ‘ 113.5; 


where F is the bidet force on an tiä A of a rectangular 
solid’ and g its shift fföm the’ Vertical or “twist from the original 
direction, Recall that tan ¢—>) whea 0 is small. 

“From material to material their values differ but always are of the 
order of 10** dyn/cm“ or 10% pascals (',¢, N/m”) 

Lateral strain rir 
(A) ‘Posion ratio = Pongitadinal strain siren’ om -F (1-3.5 4) 
where gr is the change in radius r of a wire when its length 
changes by ôl. These two changes occur in opposite directions. 
Hence the —ve sign, ie, increase in length leads to a ng in 
radius and vice versa, 
Inter-relations exist between these éoustants for a solid, “They are 


3k—2n 
Yo it =O l +0)~ Ikl- 20) and ee FS (135.5) 
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The | three’ moduli’ of elasticity have the same dimension as \stress. 
namely ML-17~*"as straitis in all cases are pure numbers. 


The elastic constants determine “the behaviour of homogeneous, 
isotropic elastic bédies under different stresses. They are very 
important in engineering practice. Elongation and contraction of 
beams’ and struts’ as) well as bending\ of beams under load-are deter- 
mined by Young’s modulus, and twist of wires and rods ‘by the 
modulus of rigidity. 

Distinction between solids, liquids and gases on the basis of the 
three elastic moduli.. Solids have all the three moduli of elasticity— 
Young’s modulus, bulk ‘modulus’ and ‘shear modulus, Liquids and 
gases Have bulk modulus only. The difference between liquids ‘and 
gases lies in the large value of the bulk modulus for the former, 
and small value for the latter. Théreciprocal of bulk modulus is. 
compressibility. Liquids have very. little compressibility (an ideal 
liquid is taken to'be incompressible), “Gasés are highly compressible. 
The bulk modulus of a gas at a fixed ip elated comes\ out to 
be equal to its pressure. 


The fact that liquids and gases\‘have no shear modulus.is also: 
expressed by saying that they cannot resist a shearing force, Any 
tangential force, howeversmall, causes them to flow. Hence liquids. 
and gases together are known as fluids, 


Elastic, moduli. and molecular structure, In solids, atoms. 
and molecules are arranged ina regular geometrical pattern, We 
have seen ( fig, I[-2.4)that both attractive and repulsive forces- 
act between them, .The equilibrium position of atoms and molecules: 
is determined by these forces, For closer approach than the: 
equilibrium distance, there will be repulsion. Any, force. tending'to 
increase this distance, brings attractive forcesinto play. A solid 
will therefore resist any force tending to alter the relative positions 
of its constituent atoms or molecules, It will resist any change’ 
of length, volume, and also of twist or shear. It will therefore have 
all the three moduli of elasticity. 

In liquids, the molecules are free to move, but the mean distance: 
between neighbouririg-molecules retnains\¢onstaat!at'a given teriipera~ 
ture. So a liquid can resist only a change of volume, but not any’ 
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changejof shape. Due to mobility of, molecules it takes upj the shape 
of the container, “It thus has bulk modulus, only, buteno rigidity 
modulus or, Young’s modulus, Application;of a horizontal -force to 
a liquid. molecule: will cause it tomove continuously under the force, 
But in a solidy-such a) molecule will be displaced: by only a finite 
amount as restoring forces due tosrigidity comesintoyplay.. The fact 
that.a liquid:cannot resist a shear, is,of basic simportance,; it; explains 
the hydrostatic behaviour of liquids, 

Gases ate like liquids, Their. molecules;are much farther,apart 
than in liquids and are much more free:to move than liquid molecules, 
The.expansibility, of gases is due to,the very-weakiattracting, forces 
between molecules, -Gases have bulk modulus only ; but it is)/much 
smallerxhan, that of liquids. 

Some examples of elastic ‘moduli in practical life: Young's 
modulus (Y) and shear modulus (mare of great importance in’struc+ 
tural efigineering: The ability of pillars and ‘struts to support loads 
is determined by the Young’s modulus of their material. Horizontal 
beams) supporting. loads are both elongated and compresed ; ‘they are 
also -sheared, »Hence'for them, both Yandi» are of importance, 
Compression or extension of springs is determinedimainly by Y when 
thew turns are very close, But when thesturns are more open n also 
plays an important part, 

Thermal expansion. or, contraction can; exert,a largeforce, The 
force is determined by, the temperature change, area of cross-section 
and Young’s modulus of,the material, (See 11-3.6C,). 

The performance, of rotating axles in,machinery,in transmitting 
power is determined by,its, modulus, of rigidity (n). 

The high. value. of.the bulk modulus (K) of liquids makes thema 
suitable substance for absorbing shocks, such as recoil. of,guns, 

Examples of this kind may be multiplied without limit, 


IF3. 6 Longitudinal Deformation. 

A’ Young’s' modulus: In introducing elasticity and developing 
relevant concepts, we have rélied mainly on wires or light sprivgs 
fixed at the upper end and loaded at the lower. We may use as 
well, thin long rods asithe-experimental bodies. ‘They \ may be pulled 
away,at)the.two,ends or pushed icwards: from bothends. 
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In fig I1-3,2(a)' we'*see a long elastic bar AB of initial length J and 
cross-section < ; in(b) the bar has been stretched by a‘pair of equat 
unlike axial forces FF whea the bar is subjected to tension. Let 
the bar be extended'by ôl. We considera plane at right-angles at S 
through which forces of stress act in opposite directions and we 
study the equilibrium above’ and below. Considering the 
equilibrium of AS we have-external force F upwards: and an equal 
internal force acting downward;, The same happens for equili- 
brium’ of the ‘portion “BS. The forces act all over the cross- 
section as shown, The'same will happen if a compression occurs 
when F, Fare reversed in direction, These internal forces resist 
the effort of exteraally applied forces to elongate the rod and tend 
to restore the rod to the initial length, The rod is said to be in a 
state of longitudinal stress under. the action of such forces in its 
interior, The entire rod is under such stress, for S was any arbi- 
trarily chosen plane. This stress is given by F/x while the strain 
is 5/1, 

Their. ratio, if temperature remains constant, called the Young’s 
modulus)(Y|, is experimentally found to be independent. of sizes of 
the bar of the same material anda constant within elastic limit. 


It is a property of the material as the Constant value changes with 
material, 


Tensile and compressive strain The extension of a wire or a 
spring ‘under a load represents the kind of strain known as tensile 
strain The corresponding stress is called tensile stress. If the force 
is one of compression along a direction instead of extension as above, 
the corresponding strains and stresses ‘are called compressive strains 
and compressive stresses. If we’ load ‘a vertical pillar at the top it 
will be compressed, 

When a beam supported at the ends is loaded in the middle the 
depression is proportional to the load so long asia.-certain jailing 
load is not exceded.. A portion of the beam is compressed and a 
portion elongated, Both tensile and compressive strains and stresses 
appear in the bzim together, 


be In fig I1-3,7 is'shown a bar AB supported at or near two ends. 
‘When loaded at the middle only the central strand'-ob ‘maintains «its 
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original» length ; those above are compressed while those below are 
extended along their lengths This 
behaviour is attended to in bulding 
cantilever bridges and setting long 
iron beams under roof tops. 

Thus Young’s modulus of the 
material of a bar or wire under 
tension or compression ʻis' the» ratio 
of the longitudinal stress to longi- 
tudinal strain, that bar remaining at) 
constant ‘temperature ‘and’ strained Fig 1-37 ~ 
within elastic limit and is a constant given by 
the relation 

Fiat 
Y= (U-3,6,1) 

As fluids can have no length, Y is the 
elastic modulus peculiar to solids on'y, 

B. Determination of Young’s modulus. 
Suppose the experimenta] material is available 
in the form of a uniform wire. We take three 
pieces of it, each about.3 metres long and 
suspend them from a common support 
(fig.11-3,8). One’ of the wires A carries a finely 
etched vernier (V,) and is kept free of kinks by 
a weight at its lower end, Two wires B and 
C carry,a- scale beside C which an \slide 
along V, They are ‘also kept free of kinks 
by a suitable load (S). attached to the lower 
end The “vernier reading , is’ taken with 
no other load, Additional) known loads are 
then placed on W and the yernier reading 
taken for eath additional “load,” After getting 
about 5 or 6 such reading; we calculate the 
extension for cach load, . Measuring the 
diameter of the wire at several places we can 
get- its mean’ diameter and hence its cross- 
Fig. T387 section a, The length? of the wire from its 
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Point’ of “Attachment “at >the “top to that with the ivernier is 
‘measured, We now have the stfetching force F= Wg (where giis 
the®acceleration due=to gravity), the cross-section a, the length / and 
the elongation e for each load, Plotting extension against load we 
get a st line fig. II-3,8(b). Find /' and W corresponding to the point P 
and'apply eqn. Il-3.6.1 $ 

Two wires are required to neutralize the effect ofichange of’ length 
du to charge of temperature, as also of the sagiof the support-cue 


to loading. 

Ex. Il-36. An iron wire 2 metres longand of diameter I mm, stretches ‘by 

- Imm when a stretchingload ‘of 8: kg is 

applied to it, Find the strain, stress and 
Young's modulus. 

Solution: Stretching force=8 kg-wt 
=8000x980 dynes. Area of cross- 
section =rr? =r x (0.1/2) =3,142 x 0,0025 


i 


cm’. 
’ 8000 x 980 `d: 
sg n Strats = S XI dybe 
tee nD = 83 142 x0 0025 cm? 
forint anann- 20 -- ká ; =9,984 x105 dyn/ım”, 
Fig.) M-3.8(b) Orginal Jength=2 metres=200 cm, 


z Increase in length=1 mm=0.1 
+, “Strain=0.1 em/200 cm =5x 10-4, E 


a EP a strdis 9.984% 10°dyn/cm" ; 
l ‘oung’s modulus SERN mre oT x 10'* dynjem* 


ir Miglin MKS units from the beginning»YmI,997 x 1011 N/m’). 
» I-37. Find the load in kg required to elon ; 
i [ j gate a steel wire 628 I 
diid Zim diameter through liim: Y=2% 10 dynlcm”, g= 980 cm|s*. eia: 
i 4 \ 
9 "Solution : Given datæin) MKS units would be Selle 
| L=6.28 m (Note that itis $x), ¥=2x10'\.N/m?, g -9.8 m/si d=2x10-* m 


1=10-* m 
„Flix ámgL 5 lid" 
Now Y: TE rat vem E 
22x 10% x314% 4x 10-8 10-) 10° 


4x98x628 = 957 10.2 kg. 

nF Ex. 11-3.8. A sphere of mass 25 kg and radius 10.cm is hung by a‘ sieel wire 
rom a roof top which is 5.21 m from the floor. When the Sphere swings like a 
réndulum bob i1s lowest point just scrapes the floor. Find its ve locity then, 

1 ¥=20%10"? dyn/cm?.”) Initial length of the’ wite=5m, its radius=0.05 cm. 

aa : HET. °72) 
pers es + Acthe lowermostpoint the*extension of the wire is (521—(600-+20)] 
cm. This. elongation produces a stress (T) in the wire, tensile in nature which 


EGASTICITY OAT 73. 


balances the weight-of the ball mg ; and also supplies the, centripetal force (mv?/r) 
required to make theisphere describe the circular arc. 
T=mg+my*|r 


Agga from elastic deformation T= rei 1 ae txr x005 dyn 


5y yax 103 2x10'* xr x 25%10-74x1 
+ 10+1)~ 00 


or 25x 10*(980+,%), =r 107 


v=3.75 m/s 

Ex. 11-39... A-body of mass 2 kg and density 2.7 g/cc is suspended by a Biel 
wire J molong and 1 mm in radius „ What change-in length occurs when it is fully 
immersed in water ? Y= 2x 10*° dynjcm* and g = 98 mls’ 

Solutions. When the hanging body dips i in water it.appears to lose a part of its 
weight by Archemedes principle. Now volume of displaced water= volume of 
the body = 2000/2.7 cc. So Bugyancy on i the Body = 2000 980)/2.7 gf acting up 
wards, 

Apparent wt of the body = mg =V. 1: _guan000 980 =(2000/2.7) x 1x980 
= 2000 980(L—1/2 7) dyn. . 
=2% (1.7/2.7) 98x10" dyn 


' So with'ylie: Body in'watdr from yak y gre have 


ipa Pal pat Baan sei vio u (7, i iiiki 
wx2x 10'*x (0.1 


a Wnty oom 
2x98x10* x100. 98x 107* 
ETTET v aa ria 


d- 1) 28x10" 10-* (1-38 pes XJ i1115 x10 om, 


st. 125x 10*x980 
{4 


Ex, 11-310. A steel wire 7 metres long and 1 mm in’ diameter is subjected to 
a tension. of 30,kg\ and its elongation is, observed 10 be 1.21 cm, Find the strain, 
the stress, and Young's modulus for the specimen. 

Solution : 


i = Change in len ch” 12! em 
Elongational strain ere Wen ,00173 


Stress = Applied foree(per unit area = Pree =38,2 kg/mm", 


Stress | 138:2 aT fs 
Seres S ayy Kinin? 2208 410% glen. 


(Exp 1:8\11, A luad of 60 fons is carriedby a\steel columnshaving sl Alot of 
24 ft and a sectional area of 10.8 in’: What» decrease bin i length will. this load 
produce ifithe elastic modulus is 30 x 10° Ibjin*’ 
(\Solution: Let the decreaseiin length be-x in. 


xin { 160 ton: 0% 2240 
aie emt 08 aa 


‘, "Young's modulus =~ 


Strain= 


q 
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. us = Stress Fibrin a 60% 2240 Pe 
Now, elastic modulus Scat Hence 30 x 10° Ibjin? = 08 Ib/in?= Axa 
yp 0X 2240 x 24 x 12 in 20.112 in. 


0.8 x 30 x 10° 
Ex. Il-3.12 4 st el wire of length 2 metres and diam:ter 08 mm is stretched 
horizontally between rigid supports attached at its ends: When a lowd is hung from 
the mid-point of the wire a depression of 1 cm is produced. Calculate the load, 
g ven that Y=2x10** dyn/cm’. \ 


Solution : Draw the necessary diagram. The load is supportedby the vertical — 
components of the'tens:ons in the two segments ofthe depressed wire. Half- 
length of the stretched wire =/(100*+1)=1(0.005 cm. Its extension=0.05 cm) 
If @ is the angle the stretched wire makes with che vertical line through the point 
of attachment of the load, 2T cos @ =load, where T is the tension in’ the ‘wire, 
cos 0 =depression/half-length of stretched wire=1/100 very giga p 


., Tension T=50xload. The stretching force per unit area or stress 
= Tläreà of cross-section =50x load/( x 0.04° cm*). Strain=0,005/100, 


am is 2 50Xxload = ; 0.005 a 
2x 10'* dyn/cm’ Sanaa 00, whence load= 10.3 g-wt, 
Ex, 11-3.13. A material aquires a permanent set if strained beyond,y osx. If 
its material has Y=10" lbs/in* find the maximum load that awire of the material 
of diameter 0.04 iri can support without crossing the elastic limit. (JE. 71) 


Solution: Maximum stress = Y x maximum strain, 
2107 = 108 Ijin? 
Applied Load = max, stress x area of cross“section ` 


=104 B xrx4x40* in? -sr lb-wt. 


Ex. 11.3.14. What force will be required io sifetch a’ steel wire I'sq. cm m 
cross-section to double its length? Y for steel aaO eps units, | 
Ans. By definition, Young's modulus 


2 applied force (F)/area (4) 
y elongation (e)/original iength ie MatenigeDem” and ee 


F=Yx (eff) xx=2x10"* x11 in cgs units 2% 10"? dynes, 
(Note. A wire snaps long before its length has been doubled. Besides, with 
elongation, the cross-section diminishes ) 
C Problems, (1) A steel wire (Y=2%10'* dyn/cm) one meter long and one mm 
tadius supports a 5kg load. Find its length when the load is removed. 1 
(Ans. 99.92 cm) i Gels of S'78dh 
(2) A 200 cm long wire of 1.22 mm diameter is eighty sttetched horizontally. 
A load at its middle point makes it sag by 2cm. Find the load. » 
Given ¥=123x10'' dyn/cm’. : (Ans, 115 8) 
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(3) A load of mass 5 kg elongates a vertical wire 200 cm long and 1 mm’ radius 
by 007m, Giver g=10 m/s* find ¥ of its material. [ ].E.E. 76} 

(Ans. 25x10" N/m’) 3 

C. Thermal stress: A heated roi expands If held between 
solid supports the expansion presses agiinst them, The stress so 
genearated is called the thermal stress, 

Ifa rod of initial lengh / and temp. coefficient of its material 
for expansion « is heated through a temperature difference of 1°C 
then its expansion /xt, : Toen we shall haye for its Young’s modulus 

Long, stress F/A FLA j 
ye Long. strain /L 4 pci 

So thermal stress is F/A=Y«t. [ Note that it is independent of 
the dimensions (length and area of cross-setion) and dependent only 
on the ma’erial of the rod (Y and «)J- -Now the furce developed is 

F=YAat tor (III-3,6,2)) 
which is independent’ of length but depends on the area of cross- 
section. This force may be considerable, zà 

11-315. A steel rod 25 cm lo g has.a cross-sectional area of 0.8cm’. What 
force would be needed to stretch it by the same amount as expansion produced in 
it by raising the temp through 10 C? Y=2x10'* dyn|cm' «= 10- SIC, uLLT Tdi 

Solution : Thermal expans‘on of the rod ôl « 1x =25x 10> 10 cm, 

This is the stretching of the rod by the required force which then will be 

F=AY.il/l=AY.xt=08% 2x10"? x 1076 x 1016x 10" dyn 
= 16x10" N=161 kg-wt 

‘Éx, II-?.16, A wire of diameter J mm supports a load which keeps it, straight. 
If the temperature falls by 20°C what additional load will be required to keep the 
lengik of the wire unchanged? \Y=2x10'* cgs units; coefficient of linear 
expansion = 1% 10° per “C) 

Solution :\ Let kbe the initial length of the wire, Its contraction due to fall 
in temperature 1x10" 20, The extra load must produce this much of elonga- 
tion. "ence the strain should be 1x 10° * x 20-+/=20,10"", 

The cross-section of the wire =x (0.05)'=0,0025" cm*. If the extra load 
is W g-wt, the stress is 980 W/0.0025r dyn/cm’*, 


2x Ti SOHO ROSE, whence W=3,210? (g-wt) = 3,2 kgf. 


Problem: A steel wire of crsss-sectional area 0.5 mm* is held just taut at 
20°C. Fird the tension when it cools to 0°C, Y=2,1x10** N/m* ; «=12x10 °/°C 
(Ans. 25,2N). [E 1. T. "73} 

D. Work done in stretching a wire: In stretching a wire its 
free end must be pulled against’ the resisting and restoring force of 


stress, Then ‘work ‘has been done by the external agent. The work 
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becomes, the: stored;up, potential.energy of strain.  This,is a, particular 
case of what we discussed in Il-32. When: the external.force is 
suddenly removed the wire regains its original length when >the strain 
energy is released as heat, 

(1) Ifa tensile force `F applied at the freevend of a wire clamped 
at the other end of length Z and area of cross-section A, lengthens 
‘by Pwe have F=YAI/L. “Let the wire lengthen by a‘ further small 
amount di, then the small amount of-work done is 

; dW =F. dl=(YA/L) l.dl 
Then the total work done in stretching the wire through / will be 


wit fi dl= maa Ke (-3.6 3) 


formally'similar to ‘te eqn II-3,2,2, Now the volume of the wire is L, 4.So 
2 
se WILAR BAS fend eym stress xstrain (13.6.4) 
This relation gives ie Strain energy stored up in unit volume of the 
strained body, “The'resùlt hols for ‘all kinds’of strains, 
` (2) “The work done can he alvernatively found thus: as the string elongates 
ftom 0 to I, the opposing stress force rises from zero to kl. So the average stress 
force must be 4k, The work done therefore for the free end to be displaced 
rby l will be kl. = zki". 
ElastičP, F. =} Applied force x displacem: nt 
= Average force x displacement (II-3.6.5) 
*\(3) The w-rk done on or energy stored in a stretched wire can also 
be found graphically by. plotting 
F against.e. For example let 
e, represent the: éxtension'for 
the load F, (fig I1-3:8) and e, 
the extension with the load F,. 
area pa If F be,any intermediate force 
pata and\Ax “the small . extension 
for that, then 


ID 


wo e ee Work done = Energy stored 
Ax =F. (e3 =e) 
Figs 1-38 ‘Now you. sce shat) Fax is 


Tepresented by the ismall-shaded.area, . So, the total work done between 
€, and ey is given by,the,a‘ea,BCHD whichis a,trapezeum, 
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Area of trapezium BCHD =} (BC+ DH)x CH 
=4 (FL +F,) (¢.—e1) 
.. Energy stored = Average force x increase in length 
D. Rise of temperature on snapping,of.a loaded wire: When.a. 
loaded wire suddenly snaps it is found to rise in temperature, It so- 
happenes because the potential energy stored in it is released in the 
form of heat leading to a rise in temperature whiich‘may be computed: 


as follows ¢ 
Work done in elongating the wire is 
W= Average force x elongation = } Applied:force x elongation 
Again, elongation 3/=stress x length/Young’s modulus 
2. W=t Fxsl=} Fx (FL/YA) =4F'L/¥A (II-3,6.6, 
Now conversion of this work into heat is H= W/J where J is. the: 
mechanical: equivalent of heat, If p be the density of the material of 
the ‘wire, then its mass is Ldip... If s be the specific heat capacity 
of thermaterial\ and its. rise in temperature (9) would be given by 
msg L Apso. 
OS Pr gd chim Heys ye 
YAJ 


F? 
ate = ere ae Tl-3,6.7 
pa Ya*vsJ ( t 

Ex, II-3.17. A steel wire 2m long andof 1 mm” cross sectionis elongated 

through 0,1 mm... Find the work done and energy stored in unit volume, 
Solution: W= X YA/L)I* = x2 10'* A ning x 0,0001/200'= 5x 10° ergs 
ae pease stress X strain = y T- 4x2x10'* x (a) ergs/cc 
101? x }x1079 2.5% Ay ergs/cc. 


Alternatively, Eney Bie pt =2,5 x10* ergs/cc 

Problem; As the load’on a wire is increased slowly ( why ?/) from) 4: kgé to 
6kgf the elongation increases from 0,65 to 1.13 mm. How much work, pen unit 
volume is required during the extension 7? (Ans. 0.02053 ) 

[Hint : Find the work done separately for the two loads and take the 
difference. ] 

Ex, 11-3.18, A20 kg wt is suspended frdm a‘copper wire andI mm in radius. 
What will be. the change in temp. if the wire suddenly breaks? For copper Y= 
12x10'` dynicm", »=9 gice and sp. heat=0'1, J=4.2 Jjčal. [ Cambridge } 

Solution : Work done in elongating the wire 

W=} Applied Force x increase in length =$Fl: 
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i F L- 20x1000x980%L 2x68. 49. 
Again ay bis ale T yx 3 ery ee ala 


= BLE" cm 
y s Wa 20% 10° x980 $E 50-4 m BOE erga 
Wea Now on sudden snapping, this strain energy gets converted into heat ‘ 
Ss s Wm Homsim Visol xsxo oa 
‘oe. 
f ‘ s 980 x 49L er, T 
j LARK OU XOXO TIS aal 
iT 980 x 49 +0 e 
p ká a ELE w = rata) ache ei $ 
l = $ Confirm by directly applying 1-3.67. 
= AB? Poisson’s ratio. “5x44 


"| Whena body elongates freely in the di ection of a tensile force, it 
contracts “laterally, ic. in a diréttion’ perpendicular) to the force, 

= Whed a compressive force is applied, it expands laterally. When 
4 there is no’ bar to lateral contraction or expansion, she ratio which the 
lateral change in length per unit length bears to the longitudinal change 

in length per unit length is called Potsson's ratio, It is a pure number, 
d being the ratio of two strains, Z is not strictly a modulus, only a 
fraction: 


ae lateral strain : : 
Poisson's ratio= iongitudioal strai (11.3.7. 1) 


It is clearly a property of solids mainly in the form of a wire or 
regular bar or rod, When a wire of leogth | is elongated by èl, its 
radius shrinks by ér. On compressing a rod lengthwise its radius 
increases, The longitudinal strain is then 4//f and the lateral strain 
arfr. The changes are opposite and if one of them (say tensile strain) 
is ve the other (lateral contraction) is —ve and vice versa, Hence 
for tensile strain sa 
y (=<ar\/r 


© sk Poisson's ratio (o's ==" ars 
a St fa) aE 3 

$ w and for compression (o), (caf ‘ ®) a 
eaten! value from the last relation of eqn. (1-3:5.5) would 
+i(n=0) and —1(k=0). For most materials it lies 


however between 0.2 and 0.4. 
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Ex, 11-319, Change in yolume of a rubber cord due to change, in linear 


dimensions is negligible. Show that 7 ~0.5. 
Solution: For the cord V=rr l. To find changes in V, r, l we have 
dV me (L2rdr +r" dl) 


Since by condition dV=0, we have 12rdr=—r?.dl 
-drir 
or ann Ta 
{ Actually g for rubber is 0.48, Metals generally increase in volume when 
stretched due to slipping of Constituent crystals. ) 


Ex. 113,20, An alumininm rod is 2 metres long and 2 cm. in diameter, As 
load of 70 kg rlongates it by 30 parts in a million. If Poisson's ra'to for 
aluminium is 0.33, find the contrac'ton in diameter due to the load. 

Solution: Longitudinal strain =30x10-*, Lateral - ptrain= longitudinal 
strain x Poisson's ratio= 30x .0°* x0,33=107*, 

po Contraction in diameter diameter x lateral strain =2 x 10-* cm, 


Ex. 1-3.21,, Find the change in volume on stretching a wire 1m long i 
and cross section 0.1 cm? by a load of 10 kg if o for its material is 0,33, Find $ 
also Y for the material, SIR E76) 


Solution: Vert. So change involume dVewl 2r dr +r dl) di 
rd 1200 #3) mer (14t) 
\ r \ r 


ts 


Nowo= gh" or odla =Idrle 


e Veer di(l-20 wA di\t-20) 
Putting these Values d¥=0.10,1(1~0.66) =0.01 x 0.33%0,0033 cc 


rn OED ASE px 10"* dyn/cm? 


7 
Ex, 11,3.22. o and Y for the meterla! of a vertically suspended light rod of i 
length 3 m and radius 3 cmoare respectively 0.3 and 2x10"? dynicm*. Pind the 
lateral strain when ir is loaded by 1200 kg. (H,S,"80} i 


Solution: We know that 1 
lateral strain (longitudinal strain) ii Å a 


Aios ooann dO h Ah si 

~ $! A y 
masné B0 6 x 10-* 

U-3.8.A. Shearing strese and strain ; Modulus of rigidity. 


A stress applied to a body in the plane of one of its faces is called 
a shear, It changes shape of the body, not its volume, 
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To understand what'a shear is, we may think of a'pack of cards or 

a thick book lying ona table, Laying the palm flat upon the ‘pack 

of cards or the book we may apply a horizontal force (F. so that the 

rectangular pile is changed into a parallelepiped, each card or the 

page sliding over the one beneath, 

Shear stress=F/area The shape\thus changes without 

: s r change of, yolume, When an 
elastic body. is changed .in this 
way its shape being changed 
without change of volume, it is 
said to. undergo a shear, A shear 
requires the application of a 
Fig’ 1-3.9 (8) tangential force fig. TI 3.9 illustra- 
~ tesa shear. The base DC of the rectangular block ABCD is kept fixed 
and a tangential force F is applied to the top AB, Asa result the — 
body is deformed from the shape ABCD to the shape A'BC'D.: The 

angle ADA’ =< is the angle of shear. 


When a body. is.sheared, the ratio of the SS stan sett 

shearing strain is called“ 
_the modulus of rigidity 
(or shear modulus). Uf a 
tangential force F applied 
over an areas produces: 
the shear, the: shearing 
stress is F/x. If due to 

‘the shear'a» straight» line. 1 

perpendicular to the plane Figs 1-3,9'¢b) 

of shear becomes inclined 

to its original direction by an angle 4, the shearing’ strain is taken” as 

tan [= 4A'/0A' (=a wheays is small, as it generally is), Thus the 

modulus of rigidity may be-written as 

4 ae eae (11-3.8.1) 

In, cps units it is measured in dynes per sq. cm (dyn/cm?) like the 
- Other two elastic moduli, (G however is the’ internationally 
recommended symbol for modulus of rigidity), 
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Fig. Il-3 9 (d) illustrates 


` sI 


what we said above about shearing a 


pack of cards, Here the angle of shear is 0. ` 
When two plates held by a rivet (fig. 11-3,10) are pulled away from 


each other parallel to the 
common surface the rivet 
sustains a shear, its lower part 
tending to slide off the upper. 
The name shear is derived 


Fig. II-3.10 


from the fact that when a piece of paper is severed by a pair of 
shears (scissors) precisely this kind of stress is applied. 
The twist in a wire or rod is proportional to the couple producing 


the twist, provided the latter 


does not exceed a certain value. The 


behaviour of a wire or rod under the action of a twisting couple is 
determined by its modulus of rigidity. We discuss it below, 
Liquids and gases do not have any modulus of rigidity as gel 4 


smallest shearing stress goes 


on increasing the shearing strain in them, 


They cannot be in equilibrium under a shearing stress, So fluids are 
defined as those materials which cannot oppose a shearing stress. 
Rigidity is a property of the solids only, The unit and dimensions of 


rigidity modulus are, as a 
modulus, 


Ex, II-3.23. A square plate oj 


to a shearing stress which tends to 
apply this stress one edge is seci 
is pulled with a force of 180 tons. 


distance of 0.069 in. in the direction of pull. 
stross, and the coefficient of rigidity of the plate. 


Solution’ 


pparent, the same as those of Young’s 


f metal 4 ft on a side and} in thick is subjected 
twist the square surface into a rhombus. To > 
urely fixed, and a bar, fastened to the other edge, 
As a result the bar is observed to advance a 
Find the shearing strain, the shearing 


displacement of the bar _ 0.069 in n 
Shearing strain 0= dip seeme quae = i ae CET 0.00144 


Applied force 
Shearing stress = Areg of the face parallel to it 


180 x 2240 Ib 


* 16800,!b per sq in 


“fin x(4x12) in r 


stress 


16990 jpjin? = 1.17% 10? Thin’, 


Coefficient of rigidity = strain" 0,00144 


Ex. 11-324 An aluminium cube me 


to a pair of parallel shearing 
must cach of these forces be in or: 
(n = 4.2 x 10* Ib per sq in.) 

6 


asuring 2 in. along each edge ts subjected . 
forces applied to Its opposite faces. How large 
der to shear the block through an angle of 0.01° ? 


"|. That such a twist is equivalent to a shear can be understood from F 
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Solution: 9=0.01°=0.01 a rad=0,000174 rad. 
Now n skh or F=n.S.9. 
So 


=4,2x 10° x22 x 0,000174 Ib wt=29 x 10‘ Ib wt. 


B. Torsional deformation: Think of a thick rubber cord hanging 
from a hook, You can deform it by twisting the freeend You 
can imagine of doing the same to a wire or cylinder, In these cases 

£ you need to apply a couple or torque at the free end instead of justa 
deforming force, An untwisting couple will be developed within the i) 

' body and ultimately balance it, All suspended coil or suspended 
magnet instruments work on this principle. 


Fig, II-3.11, Through the cylinder imagine 
a rectangle ODBXY. On twisting it becomes 
ODB,X; it has suffered a shear, « 
radians is the angular displacement suffered ~ 
by every point atthe free end of the cylinder, 7 
ais the angle of twist and represents the 
deformation or strain,, again a pure number. 
Under equilibrium, the stress couple is given Fl 
by. Hooke’s law as | 


L=ca t = 
where c is said to be torsion constant’the 
twist required for unit torsion, Angle of 
shear (4) between vertical lines is not equal 

Fig. II-3.11 to @ and isa constant while g is no: so for 

different sections between different radii, 
If n be the rigidity modulus of the material of the cylinder of 
length and radius r then it can be shown that 4 
Qe, 


a (11-3.82) 


Ex. I-3.25. A circular bar Im long and8 mm diameter is rigidly clamped 

» dna vertical position. A couple of magnitude 25x10’ dyne-cm. applied to the 

free end deflects a spot of light from a mirror on it through 15 cm ona scale 1 m 
away., Find nof its material. [PU] 

Solution: Lamp and scale arrangements are often utilised to measure 

angular deflections. The wire or bar that is to be twisted carries a very small 
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light mirror which reflects a very narrow beam of light on a meter scale. 
When the wire twists the mirror moves and the spot of light on the scale also 
shifts This linear displacement divided by the lamp-to-scale distance gives the 
angular deflection suffered by the reflected beam, Half this angle gives the 
rotation of the mirror and hence that of the wire, as you'shall learn in the chapter 
on Reflection at plane mirrors, Hence from the problem the angular deflection 


= i _b_25x10" 
o= rad, and torsion constant c 77 B20 


Wosk done in Shear : Refer to fig. 11-3.9(b), If F be the tangential force acting 
over an area A, @ the angle of shear and /(=AB) the distance between the 
extreme planes perpendicular to the direction of shear, then the displacement 
BB’, (=19) is established by the average (from 0 along AD to F along BC) force 
of AF. So the work done is }Fl9 and energy of shear per unit volume or 


Energy density= 4Fla/IA ait =4 stress X strain (0-383) 


I-89. Volume stress: Bulk modulus. The volume ofa body ` 
whether solid, liquid or gaseous, can be reduced by applying a zi 
uniform pressure, If an increase of pressure Ap reduces the volume 
from V to V— AV, the volume strain is ‘aV/V. The volume stress is 
Ap. The ratio of volume stress to volume strain’ is called ‘bulk 
modulus, provided the shape of the body does not change, 

volume stress 4 
Bulk modulus (K) = eae aa Cav (111-9, 1) 
4p is measured by the force applied per unit area; 4V/V is a pure 
number, So K is expressed in 
force per unit area, 

The reciprocal of bulk 
modulus is called the compres- 
sibility of the substance. 
Gases are highly compressible 
and have small values of K. 
For a gas the bulk modulus 
we shall show to be equal to 
its pressure, Both solids and 
liquids have high values of K, 
‘of the order of 105 kg-wt per Fig, 11-3.12 


cm2, As obvious from above 
discussions and previously stated, bulk elasticity is the only elasticity 


+ 
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between the two classes of fluids, viz liquids and gases. So far as 
this modulus is concerned, there is little difference between solids and 
liquids, The table below compares the different moduli of elasticity 
of several materials, + 


BS. : 
© shown by fluids and it is the compressibility that differentiates | 
i 


Table : Moduli of Elasticity 


Young's modulus Bulk modulus Modulus of rigidity 
ATE dyn |) Ibewe | dyn) |> Ib-wt: |t. dyn | lb-wt 

cm? in? cm? in? cm? in? 
Aluminium 7x 10** | 10x 10° 7x10'* | 10x 10° |æsx101 3.6 x 10° 
Copper 10 » 14, Res aN PRA 42 p 61 » 
Iron (drawn) |20 ,, “4 or, 1a? 5 cos ae 74 » 
Tron (cast) 168,, — = = pes 
Steel (mild) 32 16 23 8 116 » 
Water 
Mercury 


Ex. 11-3,26. Calculate the bulk modulus of glycerine, if a litre of this liquid 
contracts by 0 21 cm* when subjected to a pressure of 10,000 gflcm’. 


eofatton wav olicne steal change in volume _ 0.21 cm? _, -3 
iradi original volume ~ 1000 cm® PAN, 
Stress=10,000 gf/cm?, 


' Bulk moċulus= tress 10000 iem” =4.76x107 glcm? 


stran 0.21 x 10" 
Ex. Il-3 27. The Poisson's ratio of a material is c. If e represents tensile 
strain show that volume strain is e (1—20). 


Solution: Let V be the volume of a solid bar of length J and radius r. Now 
Varl or dV=r(l 2r dr+r*:dlj=rr (ktg ) 
r 


[ When J increases r diminishes ] 


Poel All [pa 
mi or volume strain=e(1—2c) 


Problem. Show that if 8p be the change in density very small compared to 
original density p then P=K. 8V/V may be replaced by P=K Selp for a liquid 
where P is the applied force and K the bulk modulus, 

Volume elasticity of a gas, If the yolume y of a substance 
changes by dy when the pressure on the substance is increased by dp, 
the bulk modulus is given by K= stress + strain=dp+ ,—dy/v)= 
=v.dpidv, The negative sign is due to the fact that the volume 
diminishes when the pressure increases, 
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In the case of a gas, the relation between pressure and volume 
at constant temperature is given by Boyle's law, which states that at 
constant temperature the produ-t of the pressure and the volume of 
a given mass of gas is constant, In symbols, 

py = constant, 


Differentiating, we get 
pdv+ydp=0 
or p=—v.dp/dv = K. (II-3.9.2) 

Hence, in the case of a gas, its isothermal elasticity is equal to 
its pressure. 

Rapid compression of a gas heats it up, while rapid expansion 
cools it, If the volume stresses applied to a gas are so rapid then its 
temperature no longer remains constant, its bulk modulus will have 

{a Ydifferent value In the extreme case when no heat is allowed to 
enter or leave the gas, the relation between its pressure and volume 
is’given by 

py’ = constant. 

It is called the adiabatic gas equation y is the ratio of the specific 
heat of the gas at constant pressure to that at constant volume, 
Differentiating as before, we get 


py vy” dv-+dp y’ =0 
or ypdv = —vdp 
<. yp= —vdp/dv =K, (II-3 9.3) 
Hence the adiabatic elasticity of a gas is y times its pressure, 
Remember these results well for they are basic to finding 
yelocity of sound through a gas, Newton developed an expression 
for this velocity which was lafe~ corrected by Laplace on these 
equations, 
Work done in volume strain: Let a constant presure p act uniformly on 
a volume V gradually reducing it by v. Then the average change in volume 
is 4v and the work done is pX}v. Hence the energy stored in urit yolume 
will be 
(II-3.9.4) 


Pav. Y as i 
mip x p= stress x strain 
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1-310 Summary of Elastic Moduli. 


Young's Modulus Modulus of Rigidity Bulk modulus 
(Y, E) (n, G) (K, B) 


Longitudinal stress_ Shear stress Pressure change 
Longitudinal strain Shear strain = (Volume strain) 


Yor E=- Gor n= FIS ‘Bor K=—P_ 


tan 0 LA 


(Shape or Volumeconst)) Volume remaining Shape remaining 
Change in length constent unchanged 

due to Change in shape change due to 
tensile or compressive due to uniform change of 
tangential forces or normal pressure 

couples 

Solids only porh polide and 
Stretching wires, ben- | Torsion of wires. | Velocity of sound 
ding beams, linear | belical springs formula in all 

change due to ther- materials, 


In scismography (the science of earthquakes) a fourth modulus, 
the axial or elongational, has been introduced to accomodate 
deformations produced in solids of infinite extent by longituninal 
wa es, 


II-8.11. Genaralised Stress-Strain Relation for solids 

A. Metals. 

Refer to fig H-33. The load extension graph is a straight line 
upto the elastic limit for by Hooke’s law we have 


Load = const. x strain 


+Modern Internationally accepted symbols, ' 
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ie y=mx—the equation of a st, line through the origin. In the 
| stress-strain relation [ fig. IT-3 13/a) and (b) ] we shalllook further into 
the matter, In (a) the straight line 
portion OA is followed by a. 
curve rising slowly at first and 
then very sharply, A then is 
the proportional limit. Along 
OA and upto L just beyond, the 
wire is found to regain its 
original length on removing the 


Stress 


load, L then represents the o 
elastic limit. Alcng OL the wire Man 
is said to undergo elastic defor- Fig. 0-3,15(e) - 


mation, Beyond L, the wire retains a small permanent set OP Om . 
removing the load, The proportional limit is distinct from elastic 
limit, i 
Pa Experiments reveal that for mild steel and iron, molecules in the 
wire start ‘sliding’ across cach other soon after the clastic limit is 
exceeded and the material is said to have become plastic. In (a) 
the slight kink at B beyond L registers this, Bis called the yield 
point, The change from clastic to the plastic stage shows itself by 
sudden increase in elongation as if the material has staried to flow. 
As the load is raised further, the 
extension grows rapidly along the 
curve BC and the wire grows a~- 
local - constriction and ultimately 
snaps at D. The breaking stress i 
of the material is the load. per unit 
area of cross-section at the maxi- 


i mt mum point, C. It is also the 
| ultimate tensile stress (UTS). This 
= EXTENSION multiplied by the cross-section 


gives the breaking load for the , 
particular wire, The falling portion 
CD shows the unexpected fact that with diminishing load extension 


grows on. n 


Fig 11-3.13 b) 
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Substances that behave as above which elongate considerably, © 
suffer plastic deformation until they break, are said to be ductile, - 
Most pure metals including lead, copper, iron are such. Those that 
break just after exceeding the elastic limit are said to be bri'ile ; 
glass and high carbon steels are such materials, For plastic materials 
the curve runs parallel to the strain axis ie. they go on extending 
beyond the yield point with little increase in load, the material 
‘appearing to flow. This behaviour under varying loads are shown 
in fig (II-3.13b), The strength of a metal, its ductility and plasticity 
depend on the defects in their crystal lattice, Alloy metals like 
bronze or brass show no yield point, they go on increasing beyond 
the elastic limit without a plastic stage, 

Brieily we may explain these behaviours. At low tensile stresses atoms get 
slightly displaced and return to their normal positions when the stress is released, 
If the metal is stretched beyond the elastic limit, the atoms cannot regain their 
undisturbed positions and get a permanent set or displaced position, It has then 
suffered plastic deformation, This is:caused by movement of crystal planes called 
slip or inating in dislocations of crystals. F 

Work-hardening, also called ‘cold’ hardening developes by repeatedly deform- 
ing « metal wire when it becomes harder and brittle, ie. more resistant to plastic 
deformation. This is because on repeated deformations the lines of dislocation 
move through the solid and get pinned and tangled at impurities and defects. 
More the deformations, greater the entanglements and hence harder or stronger 
the metul. You may have observed electricians breaking thick copper wires by 
repeatedly ewisting and curning them. 

Heat treatment can also increase the strength of a metal by temp. hardening. 
If a metal is strongly heated and then rapidly quenched in cold water it becomes 
bard and brittle, If cooled slowly it becomes harder but more tensile. 

Introducing impurities may make an alloy harder or more ductile depending on 
the nature of impurities, 

Elastic Fatigue: Just as “you fatigue yourself by repeatedly 
bending and then straightening yourself quickly, a metal wire loses 
its ductility by repeated twisting and untwisting and suddenly breaks. 
This happenes due to what is called elastic fatigue, Due to it, 
sometimes fan or propeller blades may break off withour any notice. 

“It arises because of ‘cold hardening’ discussed above, 


B. Non-metals : Glass and Rubber : 
Glass is very stif at room temperatures; its stiffness is then 
greater than that of steel, It has only a small elastic region and is 


ELASTICITY 89 


brittle, So it has no plastic region and fractures easily. Remember 
that glass actually is a supercooled liquid and hence melts and flows 
easily at high temperatures, 

Rubber can easily be stretched to many times its length and 
hence is much less stiff than a metal, say steel, A question otfen 
asked runs as to which 
is more elastic, rubber 
or steel? Strictly 
speaking steel is so, Gloss 
for its modulus of 
elasticity is “high, 
requiring more force 
to bring about equal 
deformation. So. steel 
is more elastic than 


rubber os raver 
Popularly, the term ose 


elasticity carries just Strain 
the opposite sense— Fig. 11-3,14 

easier it is to stretch 

a material, more elastic it is said to be, It then should have a high 


elastic limit and a small modulus, It is in this popular sense that 
we call rubber more elastic, 

But at high strains such as 700%, rubber does become elastic in 
the strict sense whereas copper is elastic at relatively small strains — 
such as 01% It is the molecular structure which is responsible 
for such behaviour of rubber, Unstretched rubber has coiled mole- 
cules which unwind and become straight when stretched and it is 
then, that it becomes really clastic ie. more difficult to stretch, 
There is no plastic deformation when rubber is stretched, as» there is 
when a metal is stretched, Comparative behaviours of these are 
shown in fig, II-3 14, (The curves however arè not to scale). 


Copper 


Stress 


If-4 
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I-41. What itis; This branch seeks to understand the proper- 
ties of fluids at rest, Fluids, as we have already learnt in  Il-3,8A,. 
cannot resist the action of any shear or tangential forces however. 
small; they flow under the action of such a force (that applied over and 
along any free surface) and hence are called fluids This is their basic. 
difference from solids, for the latter can and do oppose such forces 

Hydrostaties is thus the study of fluids at rest under gravity. Two 
fundamental laws govern their properties which follow from their. 
property of their inability to oppose shear, The laws are 

(i) Force exerted by a fluid at rest on any surface with which it 
is in contact is perpendicular to that surface, The well-known 
Archemedes’ Principle follows from it ; and 

(ii) Pascal's Law: Any pressure exerted ona confined mass of 
fluid is transmitted undiminished throughout it in every direction. 

The concept of pressure at a point is central to hydrostatics, We 
now try to clarify the idea, 


11-42, Pressure; (1) Place vertically a pencil with its flat end 
standing on your palm and place a rather heavy book onit, The 
weight of the book exerts a force here called the thrust on your palm, 
Now invert the pencil with its sharp tip on the palm and place the 
book on the flat end, You feel an acute if not painful, sensation on 
the palm though the force remains the same, 

Why is it so, though the force pressing on the palm remains un- 
changed in the two cases? The difference lies in the area over which 
the force was applied, With the flat end on your palm the weight of 


the book gets spread over an area larger than when the sharp end ~ 


pressed your palm, 
(2) Wrap a fine string around a heavy parcel and lift it from the 


ground ; you feel pain, Suspend the same string from a wide handle 
and raise the parcel by it, the task becomes easier, With only the 


= 


s 


woi 
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string the force exerted on a unit area of your finger by the load was 
much greater. ; 

(3) Your feet sink in mud and you find it difficult to cross a 
muddy street, But if you walk ona plank it becomes much easier 
todo so, In the first case, your weight is distributed over the area 
of your two feet while in the second the same on the much larger area 
of the plank makes force per unit area become much less. 

(4) Children know, it is a punishment to stand on one leg. You 
avoid walking bare footed on broken sharp-edged pieces of rubble 
on a dug-up road, The sensation is painful as the areas of contact 
being small, force exerted per unit area is large. 

Thrust and Pressure: The force exerted on the ground by 
your weight is said to be the thrust while that force divided by the. 
area of your pair of soles is the pressure you exert on it, ‘ 

Definition ; Total force (F) exerted perpendicularly over an area 
Ais the thrust exerted. Their ratio i.e, 
force exerted over unit area is pressure, 
Hence pressure (average) is 

p=Force/ \rea=F/A (II-4,2.1) 

Dimensions of Pressure : Clearly 
F/A=MLT-*/L* = ML 17-* ; this is 
the dimension of pressure, It is identical 

with stress in elastic deformation, 

Units: Pressure is thus not a force 
and the units must be different, Force 
is expressed in such units as the ig. wa 


newton, dyne or pounds], Pressure 
has the unit of force in the numerator and that of area in the © 


denominator, So in absolute units- pressure must be expressed in 
N/m*, dyn/cm’, poundal/it® and in gravitational units in kgf/m?*, 
gf/ca® or lb/ft” ete. It may be expressed in other units as well, 


Example Il-4.1. Express 1 metric ton (or tonne) per square meter in dynes 
p'r square centimeter. J tonne=10° Kg) 
Solution: 1tonne=10*x 10° gf=10" x980 dyn, 1 m’=(100 cm)’ =10* cm° 


Hence th: required presure= 20 X88 279.2938 x 10* dynjem* 


Problems. (1) Show that a pressure of 1 ton/ft? =10,72 x i0* N/m* 
(2) Find the ratio between dyn/cm? and N/m’. (Ans. 110°) 
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Pressure at a point: When discussiog liquids we use this term. 
Asa point has no area the expression needs an explanation, In 
equation II-4,2.1 if the area A is made so small (34) that the force 
(8F) over it may be taken as uniform’then the pressure at a point is 
given by 


èF dF 
ct oa oe II-4,2:2 
P=Atsa-0 SATJA ( ) 


I-43. A liquid at rest exerts a normal thrust on any surface 
in contact withit. It can be proved theoretically. 

Tn Fig. 11-4 2(a) let ACB be a surface in contact with a liquid at 
rest under gravity, Let a force F be exerted by the liquid at C, along 
if possible DC The reaction force 
exerted by the solid surface on the 
liquid must, by Newton’s 3rd law act 
along CD, This must be equivalent to 
a horizontal or tangential component T 
along CB and a vertical or normal 
| component N perpendicular thereto, 

But T provides a shear which must slide the liquid layer along CB for 
it would not oppose that force, But the liquid is at rest which 
means that 7 is not there. So the force exerted must be entirely 
normal to the surface.in contact, 


Fig. I1-4.2(a) 


Again, we consider two points A and 4’ in (fig. 11-4.2’b) on the 
vertical sides of a bottle, Consider two inclined thrusts along PA and 
P'A' on the wall, Their reactions 
along AP and A'P' are equivalent to a 
pair of horizontal and vertical compo- 
nents (AB, AC and A’B’, A'C'). Now 
A and A’ being at the same level the 
horizontal (here the normal) compo- 
nents are equal and opposite and must 
cancel ou!, But the vertical (here 
tangential) components being similarly 
directed should put the liquid in up- Fig. II-4,2(b) 
ward motion, But the liquid is at rest. Hence tangential upward 
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components are absent; only the normal components i.e. normal 
thrusts exist as we have proved above. 

Hence if an imaginary suface be drawn anywhere in a liquid, the 
force exerted by one portion on the other must be perpendicular to 
that surface. 

The conclusion can be experimentally verified, You must have 
observed water spurting out normally through small holes in an old 
hose pipe through which water is being driven under pressure, Walls 
being absent at the holes water comes out, we find normally, Push 
an old metal can with small punctures into a water vessel ; note that 
water rushes in at all holes normally, Push in the plunger into a stout 
multi-holed syringe full of water (as you do during holi) and water 
rushes out normally (fig, I1-4,16’a)], 

Lateral thrust exerted by a liquid is exemplified in above cases. 
An elegant experiment is as follows, Fix a tall metal cylinder 
(fig. 11-4,3a) with a straight side-tap in a large piece of cork, fill it 
with water and float it in a large vessel of water. Open the tap and 
notice the cylinder being pushed back as water rushes out, 


(a) Fig. 11-43 (b) 

The Barker's mill (fig. II-4.3b) introduced in connection with 
Newton’s 3rd law provides a very vivid example of lateral thrust, 
It consists of a cylinder vessel capable of rotating freely about 
a vertical axis and provided with four outlet tubes near its bottom. 
These tubes are all bent in the same direction as shown in the 
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fig. 11-4.3(b), Closing the outlet tubes the cylindrical vessel is 
completely filied with water, The outlet tubes are then opened, It 
will be found that as water flows out, the vessel starts rotating in 
a direction opposite to that of the issuing water. When the outlet 
tubes were closed, water exerted equal and opposite lateral pressure 
on the two opposite sides of the outlet tubes which balanced each 
other, As soon as water escapes, one of these lateral pressures at 
each outlet tube is removed and an unbalanced force acts at each bend 
of the outlet tube, These unbalanced forces produce a couple which 
cause the cylindrical vessel to rotate in the direction as shown. 
Normal upthrust is exemplified by a floating body. A very 
simple experiment to prove it requires a hollow pipe with plane 
flanges (Fig. II-4,4) a very light aluminium 
_disc suspended by a long light string anda 
deep vessel of water. Close the lower end of 
the pipe with the disc by pulling the string 
tight and lower it deep into water. Let go 
the string but the disc will not fall off. It 
is hence. held there by the upward thrust 
exeried on the lower side of the disc, Now 
carefully pour water inside the pipe; when 
the water level inside reaches that of outside, the disc will fall off. 
The experiment establishes that (i) a liquid exerts an upthrust 00 

a surface in contact (ii) it does 
so downward as well and iii) at 
the same depth inside a liquid the 
upthrust equals the downthrust on 
the same surface, : 


Fig. I-4,4, 


Fig, I-45 shows an elaborate 
set-up, It is interesting to find 
that for pipes other than cylindri- 
cal [e, g, (b)] the same happens, 
This means that the thrusts are 
independent of the mass of water 
Provided the depth of water is Fig, 11-45. 
the same in the vessels—the hydrostatic paredox, 
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1-44. Fluid pressure at a point acts equally in all directions. 
Note carefully that the fluid pressure at a point within it acts 
equally in all directions. Consider a very small area A surroundig 
the point. The pressure at the point is p= F/A where F is the thrust 
on the surface, In whatever 
direction the surface is {urned 
about the point, the ratio F/A 
will remain the same. But this 
pressure will be exerted by one 
portion of the liquid on the other 
portion across A and perp endi- 
cular to it, Thus fluid pressure 
at a point acts equally in all the 
directions but on different planes Fig. 11-46. 
of the liquid, Had it not been so the liquid would not have been at 
rest, and moved from higher to lower pressure, 

In fig, II-4 6, X, Y, Z are equal small areas (A) at same depth but 
oriented differently, The same average pressure P acts on each of 
them and normally, Similarly pressure P acts normally to the curved . 
surfaces L and M and they are again equal. 


Experimental verification (Fig. II-4.7) : Close the mouth of a 


(b) 


Fig. I-47 
long-stemmed thistle funnel with a very thin rubber membrane to 
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make it water-tight, Connect its other end by a piece of rubber 
tubing to a horizontal glass tube TT mounted on a framework as. 
shown, beside a scale S, The tube carries a drop of coloured liquid E 
playing the role of an index. 

Insert the funnel downwards into the water vessel ; more you push 
down, more the index moves away indicating a rise in pressure, 
exerted upwards on the membrane by the liquid, This pressure 
compresses the air inside the funnel and the tubings pushing I 

¿ away. This shows that (1) quid pressure increases with depth of 
immersion. 


Now keeping the center of the membrane if you turn the funnel 


into various orientations as shown, you shall find I no longer moving, 
ie. (2) at a given depth a liquid exerts equal pressures in all 
directions, 


Again if you use successively, liquids of increasing densities and 
immerse the funnel to the same depth in each, you will find I moving 
more and more away to the right, This shows that at a given depth 
(3) pressure exerted by a liquid increases with its density, 


II-4.5. Pressure at a depth inside a liquid. Having proved that 
a liquid exerts a normal thrust on any surface in contact and that the 
surface may even be an imaginary one in the liquid, we proceed to find 

the magnitude of the pressure at a point on such a surface, 
To determine the pressure at a point A, distance h below the free 
surface of a liquid at rest under gravity, imagine @ 
<=> small horizontal area a surrounding the point A. 
g5 Consider the liquid contained in the vertical cylinder 
al which has a as its base (Fig. I1-4.8,), The vertical 
forces on the cylinder are (i) the upthrust on tbe 
F base and (ii) the weight of the liquid in the cylinder. 
Since the cylinder is in equlibrium, these two forces- 

are equal, 

The weight of the liquid in the cylinder = mass 
Fig. 11-48, of the liquid cylinder x acceleration g due to gravity 


= volume x density xg =hapg, 
_ where p=density of the liquid (assumed constant), 


: 
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This is the total thrust on the area a, 
The pressure P at any point of the area 


= haog 
sA P= = hes (I-4.5,) 


i.e , pressure = depth x density x acceleration due to gravity. 

If the quantities h, p, g are expressed in absolute cgs units, P comes 
out in dyn/cm?. If in fps units, P will be in poundals/ 1°, ; In mks 
units, P will be in newtons/m*, 

If we divide P by g in the corresponding unit, we get pressure (P’) 
= depth xdensity=hp. So written, the pressure is in gravitational 
units of force per unit area. This gives rise to an indirect way of 
stating pressure by mentioning only the liquid and the depth. The 
expression ʻa- pressure of 76 cm of mercury’ means the hydrostatic 
pressure due to a column of mercury 76 cm high, i.e., the pressure at 
a depth of 76 cm inside mercury. Mercury has a density 13,6 g/cm”, 
Tne pressure is therefore 76 cmx 13 6 g/cm" x 980 cm/s* = 1,013 x 
108 dyn/cm?, A bar is a pressure of 10° dyn/cm”, 

A pressure of 100.m of waterwill be = 10* g-wt/cm®, In statements 
of pressure of this kind we often write kg or g for kg-wt or g-wt, 

Experimental confirmation + The fact that pressure increases with 
depth has already” been verified. In a simpler alternative we take a tall 
wide jar with holes in the side along 
a vertical line but closed with wax 
(fig. 1-4.9, It is placed on a table 
and quick perforations are made in 
the wax stoppers with a needle. 
Water jets gush out and lower the 
hole further goes the jet, showing 
increasing pressure with depth. The 
jets describe parabolas under vertical 
gravity and horizontal liquid thrust, 

Where the jetstrikes the ground is 
however not solely dependent on its Fig. 11-4.9 
height but also on its time of flight. If we imagine a base plane on 
table we shall see that the jer from the middle hole (h/2 below the 
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free surface) has the maximum horizontal range. This can be proved 
mathematically also, If the jets fall on a lower plane, say on the — 
floor, then however the lowermost jet goes the farthest, as expected, a 
Tn reaching the base plane the central jet moves longer and hence has 
a larger displacement, 

Il-4.6 Pressure of a fluid at rest is the same at all points in the 
same horizontal plane. The plane of the surface ofa liquidina — 
relatively wide vessel when the liquid is in equilibrium ‘under gravity, — 
is called the horizontal plane at the place. 

Obviously, the pressure at all points at the same depth below the 
free surface, will be the same, since pressure depends on depth alone, — 
But even if the liquid Pir A at the top is curved (as in a liquid : 
drop), the pressure at all points on the same horizontal plane within 
the liquid will be the same, ie 

To prove it, consider a 
small uniform horizontal cylin- — 
der (Fig. I1-4,10) with ABas the — 
axis, and the endsat A and B 
perpendicular to the axis, Let P © 
and Q be the pressure at A and 
B respectively, They act per- = 
pendicular to the end-sections each of which hasan area x. The 
forces, on the curved walls due to fluid pressure are perpendicular to 
the walls, i.e, the line AB. Hence these forces have no component — 
along AB. Therefore the only forces parallel to AB are Px and Qi — 
acting in opposite directions. Since the cylinder is in equilibrium 1y 
Px—Qx=0 of P=0 (II-4.6) k 

Thus we find that in a fluid 
at rest in equilibrium the 
pressure is the same at all 
points in any horizontal plane, 
Thig result is put in other 
ways. The pressure at two 
points in the same horizontal 
plane connected together by a oft 
liquid at rest is the same. Fig. II-4.11(a) Aa 

Or, In open yessels connected together by aliquid at rest the. m 


Fig. I1-4.10 
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liquid stands at the same height in all. Thus in a kettle, the level: 
of the liquid is the same in the nozzle as in the pot, In connected 
vessels a liquid finds its own level (fig. II-4.1 1a). 


The fact that in connected vessels a liquid finds its own level has 
ben utilised for water-supply in a town ( fig. II-4,11b), [ Yet you 


ou 
P! 


ENNET 
SP PIPE 
Fig. 1-4.11(b) 


IPE 


know, even near the Tala Tank water does not rise to 3rd or 4th © 
storey, Why not 7]. The fact is also responsible for functioning of 
Artesian Wells, In saucer-like depressions underlined by impervious 
rock strata, rain-water seeping through permeable top-soil gets 
collected, If a well or tube is sunk “at the appropriate location in 
such cases, water gushes up by itself like a geyser, 

The spirit-level is used to test whether a surface is horizontal or 
not, Itis a slightly bent glass tube T (fig. I1-4.12 a) with convex side 
uppermost filled with alcohol enclosing a 
small air bubble and mounted on a metal SSS 
tube with a horizontal base (IT-4.12b). a 
The air bubble A always occupies the 
highest part of the tube, When placed v=, 
on a horizontal surface the bubble A lies 
between two marks at the highest part. 

When the surface is not horizontal, Fig. II-4,12 
A moves towards the highest side of the plane, 

Free surface of a liquid at Rest is horizontal: That can be 
established as follows. Let AB represent a very thin horizontal tube 
imagined inside a wide, large vessel in which a liquid is at rest under 
gravity, Let us imagine that the free sucface is not horizontal but 
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maduisiory sech that the center of the surface B (Pig IA13) is at 

d 


a depth h, im thas A, the depth 
of the center of the boe A. If 


force ca A is h,ag eed that oa 
B is hAg where < is the ares of 
crossection of the imaginary 
horizontal quid tebe, Stace 
A> the force oo the tube will 
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“screwed base. until its weight just exceeds the load on the pan, Then 
‘the disc is forced open, the water leaking out. A pointer moving 


POINTER 


Fig, I1-4.15 


along an upright is made to 
mark the level of water, when 
this occurs, 

The vase shown, is now 
replaced by the one marked (b) 
which has a much smaller 
volume ‘and the experiment 
re-performed, Precisely at the 
same height as for (a) water 
starts leaking, Vase (c) holds. 
more water than (b) but. less 
than (a), But water starts 
leaking precisely at the same 
height as the other two -So 
the surprising fact emerges. 


that different amounts of water may exert the same pressure, 


B. Explanation: There is however nothing . paradoxical, or 
surprising in it for pressure exerted by a given liquid ona surface 
depends only on depth and not on its weight, 

In the experiment ‘above, we find the thrust on the bases are all 
equal, for in each case base area is the same and so is the liquid depth 
and thrust is the product of these two, In fig, 114,16 three vessels 
of same base area but of different shapes are shown where bases 


Fig. II-4.16 


DC, of each are equal, In the flaring vessel (a) the weightjof the 
liquid in ABC and GEF are nullified by the upward vertical compo- 
nents of reactions V to liquid pressure exerted at P and Q’so that the 
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water inside the cylinder ACDF only exerts the down thrust, In (b) 
the downward vertical components of reaction of pressures at P and Q 
add to the weight of water in the tapering vessel GDCB which is 
equivalent to the weight of water in the imaginary prisms FDG and 
ABC so that the total thrust on CD adds up to that in cylinder of 
base CD as shown finally in (c), 


Il-49. Average Pressure and Total Thrust on a Surface inside 
a Liquid: The immersed surface may be of any shape and placed 
(i) horizontally (ii) inclined at any angle or (iii) vertically. 
(i) The total thrust on any horizontal surface Inside a liquid is 
Thrust = Pressure x Area = hpg. A 
since pressure at all points of the surface is the same, 


(ii) Ifthe surface immersed be inclined then pressures at its 
different points differ, for their depths below the surface differ from 
point to point, It may be shown theu that the resultant thrust on 
any immersed surface is equal to the weight of a column of Jiquid 
with the surface area as the base and the depth of the C. G. (or 
rather the centroid) of the surface as its- length. Case (j) isa 
particular case of this theorem, If then hog be the depth of the C.G. 
of the immersed surface below the free surface of the liquid we have 

Total thrust = Average Pressure x Area hig Pg. A (U4 9.1) 

Thus the total thrust 
is (i) independent of 
inclination and dependent 
only on (ii) surface area 

< and (iii) depth of C.G. of 
the immersed surface. 

Fig. I1-4.17 (a) shows 
an inclined surface A of 
which very small bits a,, 
ayy ay...etc ate at depths 
hy, hy, hg...ete. below the (a) (b) 
corresponding free surface Fig. 11-417 
areas, Clearly then the total thrust would be 


ran 
F=Pg(a,h, + agh, Hagha +: + anh) = Zirhreg=pgáha (14.9.1) 
Ea 
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where hg is the depth of the C.G (in-b)- below, the free surface. and 4 
the surface area, The point at which the resultant thrust acts on the 
surface is called the center of pressure of the surface 
Fig. 11-4,17(c) shows a vertical rectangular surface area Ix}, 
gible ae immersed with its. top surface h cm 
below the free surface of the liquid, 
Clearly the average pressure on it 


acting laterally would be f 

> A d 

= teath+(h+l)] 

Fig, 1I-4.17(¢ and total lateral thrust y 


S 
F=tpg(2h+!) x lb =(hog4 3pbg)lb (11-4,9.2) 


Ex, 11.4.2. A vessel 20 cm long, 10 cm broad and 15 cm in depihis comp'etejy 
filled with water. Findin gm, wr the total thrust on one of its longer side walls. 
Solution: Area of the wall=20 cmx15cm=300sq. cm. The cg. of the 
wall lies 15/2 cm below the surface, P 1, 
D o.t, “Avetāge pressure = pressure at a depth of 7.5 cm of water 
2 =7,5 X1x 980 dynes/em? 


Á 
q 
Hence, total thrust=300 x a X980 dynes =2250 gm wt, =2,25 kgs 


Ex. 11-43. A canal 40 ft wide has a dam across it, Find the pressure on 
the dam at depths of 5 fi, 10 ft and 15 ft 
below the water level. Find in tons the 
total thrust on the dam if water is 20 ft. 
deep. 

Solution: Pressure at 5 ft 

+ Ib, ft 
5 ftx625 E Xea 
=312.5g poundals 55 5 lb. wt - 
te? ig Xe 


The other values are double and 
three times this value. 


( Note’ Since the pressure increases with depth, the dam must be thicker 
towards the base to withstand the higher pressures. 
The cg of the submerged surface of the dam is 10 
Thrust =average pressure X area 
= Pressure at a depth x of 10 ft of water x area 


Ib „Z sect! 
= 62,5 Xe ae 
10 ft x 62 Six XE Fe (40. x20 ft) 
à lb. wt = 10x625 x800 
10x625 To * 800 ft? = a 7 


=223.2 tons 


See the appended fig. | 
ft below the water leyel. 


ton wt. 
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Ex. I-44. How high must a liquid be poured in acylinder such that it exerts 
equal shrusts on the base as well as the walls? (iy he aie) 

Solution: Let the radius of the cylinder be r and the required liquid height 
inside it be h and liquid density bep, Then 

The thrust on the base=hpg x7r" and on walls= yhogX2rrh. By question 
they are equal, This happenes when h=r. 


11-410, Pascals Law of Transmission of Fluid Pressure : 
Pressure applied anywhere to a mass of confined liquid is transmitted 
undiminished. ‘hroughout the mass of the liquid and to the walls of the 
container. 


A. Deduction: This was arrived at by Pascal from the fact that 
pressure within a mass of a liquid at rest is exerted equally in all 
directions and depends only on density of the liquid and depth of 
the point, Let us consider a confined fluid at rest, If at any 
point pressure is increased, for the fluid to be at rest it must rise 
equally in all directions ; or else the fluid will be moving and not 
be at rest. i 

The law applies equally to both liquid and gases. As it has 
nothing to do with weight, Pascal’s law remains valid in weightless 
conditions e.g in a freely falling lift or an orbiting satellite. 


B, Demonstration : (1) Make a hole in a rubber ball and fill it 
up entirely with water, Now close it with a finger, make a number of 
punctures on the ball with pin-pricks and press the ball hard with 
two fingers, Water will spurt out through all 
the holes equally and normally. Press harder, 
force of spurting increases, water spreading 
out further but again equally and normally. 

2) A syringe with a long barrel and 
plunger endiüg in a perforated spherical bulb 
is filled with water Fig. IT-4 18a), As the 
plunger is pushed in water shoots out equally 
from all» holes normally. This shows that 
the pressure applied to the piston has. been 
transmitted uniformly throughout the water. Fig. II-4.18(a) 


C. Proof : Let us have a globular vessel asshown in Fig, II-4.18(b 
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with a number of ‘radial tubtlar outlets A; B, C, Dof ‘which the 
cross-sections are «x, 24, 34 and 44. The 
vessel is full of water and each outlet 
closed with water-tight pistons. Let ihe 
piston in A be pushed downwards with 
a force F downwards, when all the other 
pistons moye out, Tf these’ others are 
fitted: with pressure gauges and prevented 
from moving the gauges will'read 2F, 3F 
Fig. I!-4.18(b) and 4F respectively, 


D. Principle of transmissibility of pressure: (1) Hydrostatic 
bellows. A simple apparatus desigucd by Pascal, illustrates the 
Principle of transmissibility of pressure in 
a liquid. A stout bladder or leather 
bellows filled with a liquid (water) has a 
vertical tube attached to it (Fig. T-4119), 
The liquid stands at the same~ height in 
both, When a load is placed on the 

. Platform attached to the bladder (or 
leather bellows), the liquid in. the tube 
rises some distance and balances the load, 
The condition for balance is hydrostatic 
pressure in the tube=pressure in the 
bladder (or bellows), If « is the cross- 
sectional area of the bellows, W the 
weight on it, and h the height of the liquid in the tube above the 
liquid-level in the bellows, then 

hpg = W/«. 

If « is big enough, a small height of eS pe tube will be 
enough to support a large weight, Suppose the platform has a 
diameter of 30 cm, A heavy man, weighing 70 kg, can be balanced 
by a height of about only 1m of water in the tube, 

(2) Bursting a Cask. You can/burst open a large wooden cask 
or barrel strongly strapped by metal or leather thongs. Make a hole 
at its top, fill it with water, attach a very long tube to the hole and 
then just go on pouring water in it, The cask does not burst with the 


Fig, II-4.19 
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water it contains which is large, but a much smaller amount poured 
in the pipe does it. Tt appears paradoxical, 

In fact pressure Apg at the top hole is transmitted everywhere and 
multiplied by the wall-area, developes a thrust mighty enough to 
break open the cask, Stouter the cask, /onger the pipe you require, 

1-412. Multiplication of Thrust : The above two appliances 
show you that 

(i) Liquid pressure is transmitted undiminished and also 

(ii) Acting on large areas develope large thrusts, 

This is further exemplified in a very useful appliance the Hydraulic 
Press also called Brahma’s press after the inventor. 

A Principle of application of Pascal’s law to the Hydraulic press. 
With the help of Pascal’s law a small force can be transformed into a 
large one, Consider the arrange- 
ment illustrated in fig. TI-4.20(a). 
It is a confined body of liquid 
connecting two cylinders fitted 
with pistons of areas a and A 
respectively. If a force f is 
applied to the smaller piston, the 
increase of pressure on the liquid 
will be fja. This pressure, Fig. 11-4.20(0) 
transmitted: undiminished by the 
liquid, will act on the larger piston and give rise to a force F=Ax/fla. 
The force fis thus multplied by a factor A/a. If a=1cm° and 
A=1000 cm* a force of 1 kg appled to the small piston will cause a 
force of 1000 kg to be applied to the large piston, 

Magnification of she force does not violate the principle of connerva- 
tion of energy. The liquid may be treated as incompressible. If fis 
lowered through a distance s,, the woik done on a is fs,, The volume 
which the piston a sweeps out is ass. This volume of water transferred 
to the wider tube, If F rises through s, thereby, it does Fs, amount 
of work, and sweeps out a volume As, Since as, =AS,, for water is 
incompressible and fla=F/A, we get, by multiplication, (as,) (f/a)= 
(As, (FJA) oF fsa =FSs- Hence the work done on the liquid is equal 
to that done by i.e. recovered from the liquid. 
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B. Hydraulic Press. The above principle: is employed in the 
hydraulic press a machine used for many purposes, such as 
compressing bales of cotton, jute etc., punching holes through metal 
plates, pressing metal sheets into shape, testing strength of iron beams, 
extracting oil from seeds etc, 

Fig. 1-420 (b) represents 
diagrammatically a hydraulic press 
in section. As the small piston p 
is raised, oil from the cistern C 
enters the piston chamber through 
the valve » As soon as the 
dcwa-stroke begins the valve v 
closes and ihe valve ,' opens, 
The pressure applied on p is 
transmitted through the tube K 
tothe larger'reservoir, There it 
acts on the larger cylinder P, If 

Fig. 11-4.20(b) the areas of cross section’ of p 
{ Hydraulic press. P=pressure piston and Pare a and A respectively, 
or tam; p=plunger; v, v=valves; and the force cn pis f, then the 
C=oil tank. A tube (not shown) with force F acting on P is f x A/a. 
the ane neeevoir with the oll ek, THS "levert also helps in 
When a compression is over, the drain multiplying the force. Por if f' 
cock is opened and drains the oil from is the force applied to the lever, 
the reservoir. ] and mis the ratio of its longer 
arm to the shorter arm, then f=mf". So, by exerting a force f we 
get a force F=mf'x Aja, The ratio F/f/=mA/a is called the mechani- 
cal advantage of the machine, 

Hydraulic brakes used in automobiles, the’ dentist's chair, the 
hydraulic jack which raises heavy loads or the garage-lift which lifts 
automobiles, provide further examples of application of Pascal’s law. 

Problem. (1) The cylinders of a hydraulic press have radii 1 cm and 10cm. 
tespectively, The piston is attached tə a handle 1 m long at a point 10cm from 
the pivot, which is at one end. What force must be applied to the end of the 
handle for the press to exert a force of 1000 kg ? (Ans, 1kg-wt.) 

3 (2) The diameters of the pistons of a hydraulic press are 1" and 1⁄, A force 
of 56 Ibis applied to the smaller one. What force is developed on the larger? 

(Ans. 8064 Ib f.) [ H. S. ’71'Comp. ] 
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ARCHEMEDES PRINCIPLE 
AND FLOATATION 


Il-5.1. Archemedes Principle: You all know the famous story 
of a king’s gold crown, its maker a cheat, found out by Archemedes 
who found experimentally that (a) a solid immersed in water displaces 
its own volume of the liquid and (b) the solid feels lighter under water 
and deduced that a force equal to the weight of the displaced water 
pushes the body upward, This is the Principle of Archemedes 

Statement: A solid immersed wholly or partly in a liquid at rest 
appears to lose a part of its weight which is equal to that of the 
displaced liquid. Tne principle bolds also for gases for they are also 
fluids and get displaced to accomodate any solid, Hence a more 
general statement of Archemedes Principle will be— 

When a solid is submerged in a fluid, an upward force equal to the 
weight of the displaced fluid acts upon it. 

The ascent of balloons or what we call a ‘fanoosh’ or soap bubbles 
is governed by this principle Since weights of solids and fluids 
are involved, Archemedes Principle is invalid in weightless conditions 
like freely falling lifts or orbiting satellites unlike Pascal’s Law. 

Let us return to a solid immersed in a liquid, 

If the weight of tae body in air = W gf 
and its weight in liquid=w gf 
then the apparent loss in weight =(W—w) 2f 

By Archemedes Principle 

Wt of the liquid displaced by the solid =(W-— w) gf 

This weight of the displaced liquid acting upwards i.e, exerting an 
upthrust is called the force of buoyancy. It is because of this that the 
solid appears to lose a part of its weight when submerged in a fluid. 

The term Buoyancy means both this apparent loss in weight and 
the force of buoyancy as well, 

A. Demonstration : (1) Suspend a large piece of solid (preferably 
g'ass or aluminium i.e. of lower density and so larger volume) from 
the hook of a spring balance and note its weight (fig. TI-5 1). 

Take an overflow can fill it up with water and collect the overflow 
in an weighed empty beaker and throw the water away, Now replace 
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the empty beaker below the spout and carefully lower the solid into 
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the water till completely immersed, 
Record the apparent weight as indicated by 
the spring balance and weigh the water 
collected in the beaker. The latter will be 
found to be equal to the difference of the s 
weights of the solid in air and that of the 
water collected. f 
Instead of the weighed empty beaker if you 
collect the overflow ina measuring cylinder, 
you get the volume of water displaced, The be 
solid here shown, is of a regular geometric 


den 
a 


Principle, 


(2), Bucket and cylinder experimet (fig. II-5.2) requires a solid _ 


metal cylinder (B) filling exactly in an open 
one, the bucket A, A carriesa hook from 
which B can b> suspended below and another 
by which it itself can be suspended from that 
of the spring balance, above. ‘Thus the inner 
voume of A is equal to the outer volume 
of B, Bocan be accomodated within A or 
else withdrawn and suspended below it, 
Suspend the cylinders from the spring 
balance and record the weight B when 
attached to the bottom of A as in fig, 11-52, 
Lower B next into a beaker of water so as 
.to be fully surrounded by water. Record the 
appareat weigit as given by the spring 
balance, 
Carefully pour water into A. When it is full, 
note that the initial reading of the balance 
is restored, This shows that the apparent loss 


shape and you can find its volume, It will 
Fig. II-5.1. be the same as that of the overflow, Bi 

In fact, the volume of any irregular solid is measured thus, by 
an overflow can and a measuring cylinder—a bonus from Archee i 


ig. II-5.2 
in weight on immersion is equal to the weight of the a liquid, 
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B. Derivation: Leta rectangular parallelepiped of dimensions 
Ixbxd be immersed in a liquid at rest with its top and bottom 
surfaces horizontal. Let the upper surface be ata depth A below the 
free surface of the liquid which puts the lower surface at a depth of 
h+-d below the same (fig. II-5.3). 


The liquid exerts normal thrusts on all the six surfaces exposed 
to it and so on the opposite faces they act in opposite directions, 
Obviously the forces acting on the vertical faces point by point cancel 
out but not so those on the horizontal faces, 

If the liquid be of density p then the pressure on the top surface is 
hpg and the force hpg.tb (pressure x area), Similarly pressure at the 
plane of its bottom surface must 
be (h+d)eg. Hence the upward 
force on it: (h-+d pg.lb 

... Net upward force on the 

parrallelepied will be 
lb(h+-d)pg | —lbhog 4 
=lbd.pg=Veg=m'g 
since [bd is the volume of the 
immersed body and hence also of Fig, II-5.3 
the displaced liquid and m'g the weight of it, Thus the total upthrust, 
the force of buoyancy exerted by the liquid on the solid equals the 
weight of the liquid displaced, This force on the body acting upwards _, 
diminishes its weight and makes it appear lighter by this amount, € 
Thus the apparent loss in weight of the body equals the weight of | 
the displaced liquid. 

Center of Buoyancy. This is the the point where the force of _ 
buoyancy acts, This must be the center of gravity of the displaced _ 
liquid, For, let us replace the body in the figure above by the 
liquid itself, Then the weight of the displaced liquid is the same 
as that of the liquid parallelopiped. As the liquid is, at rest the two 
forces must balance each other, So the buoyancy acts upwards at 
the C. G. of the displaced liquid. 

C. Loss: in weight is apparent but not real, For, the weight is the 
pull exerted on a body by the earth, It cannot change inspite of 
immersion of the body, as gravity acts independently of medium, 
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Immersion only introduces anew force that of buyancy acting upwards, 
Thus the resultant vertical force on it changes, not the true weight, > 


D. Reaction to the Force of Buoyancy: This force is exerted by P 
tbe liquid on the body, so by Newton’s third law the body. exerts an 
R equal and opposite force on the 
liquid. This can be _ easily 
demonstrated, Place a beakerful _ 
of water on one pan of a balance 
(Fig 11-5.4) and counterpoise it. 
Hold a stick in your hand and 
push one end of it in water with- 7 
out touching any side, Note that | 
the equilibrum “is disturbed and ~ 
the pan carrying the beaker gets çi 
Fig Il-5,4 depressed, While the water 
buoys up the stick, it applies an equal and opposite force on the 
liquid which is transmitted to the bottom of the beaker and to the 
balance pan, : We next consi¢er two particular cases, 


=, <2 


mm, 


pae giy y 


fA 


pennon, 


(1) On one of the balance-pan place a beakerful of water and an 
insoluble piece of solid, Counterpoise them. Now pick up the solid 
and suspend it from the hook of the balance so as to immerse in the — 
water of the beaker but touch no sides. We know that the solid 
would become lighter yet the balance is not found to be disturbed, 
That is because the solid reaets with its lost weight on the beaker 
base and thereby preserves the balance, 


Problem: A boy walks with a bucketful of water in. one. hand 
and a fich in the other, If he drops the fish in the bucket will he feel 


lighter s J. E.E.) 
E No hi will not.. The reason is as set forth above, ( 


(2) Let abeakerful of water on a balance pan be counterpoised, | 
Now suspend in it a large piece of water-soluble solid. As ‘reasoned 
above, the balance will be disturbed and the pan with the beaker will 
be depressed (the reaction of buoyancy). But with time the depress- 
ion will diminish somewhat but not totally ‘so, As more “and more r 
of the solid dissolves, its volume diminishes'and so does the Kage ; 
and its reaction, 
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Example II-5.1 : A weighing machine reads 700 gf when a beaker 
of water rests onit. A piece of glass (P=2.5 gicc) hang from a 
spring balance which reads 50 gf. Find the readings on both the 
instruments when the piece is lowered into water. 


Solution: Volume of glass piece=50/2.5 co=20 cc,= Vol, of 
water displaced. Then the loss in weight should be 20 gf with the 
glass piece in water, 

Spring balance should read (50 — 20)=30 gf. 

On the machine the downthrust as a reaction to this buoyancy 
would be 30 gf. Then 

The weighing machine should read (700-4+30)=730 gf, 


Ex 11-5.2 A buoy 1000 litres in volume weighs 950 kg. Itis held 
immersed under sea-water of $q. gr 1.02 by a light chain. Find the 
tension on the chain. [ H. S. Comp 763] 


Solution: Tension= Wt of displaced sea water — wt of the buoy 
= kpin x 1.02 kg/litre —950 kg-wt 
=70 


Ex. 15.83 A cork-piece (P=0.8 gicc) is taken under water. 
Show that it would accelerate upwurd with g/4 when released, 
[H. S. Comp 765] 


Solution : Upward resultant force = Force of buoyancy —wt of cork 
=V pg HINA gl rx Ary Vx 0.8) 

y „Force „8V x02 _ 

*. Upward accelaration aa xe gl4 

Ex. Il-5.4 A balance beam remains horizontal with two bodies 
suspended from its two ends and fully immersed in water. One has a 
mass of 32 g and density 8 g/cc. Find the mass of the other if that 
has a density of 9 g/cc. {c. U.] 


w Solution: Their apparent wts are equal. The volume of the 
first is 32/84 co, So its apparent weight is 32—4=28 g. That of 
the other one must-be the same, If m be the required mass then 

volume must be m/5 cc. : j) 


m-%=288 or m=35g 


Ex. 1155 A stone of density 2.5 glec just under surface of water 
is allowed to sink from rest, Find how far will it sink into sea in 2s. 
Neglect friction of water. g=980 cmis*. Density of sea water 
1.025 glcc. [L L T. 769} 

Solution: Let V be the volume of the stone, Then its weight 
is Vx25xg dynes and the weight of, displaced sea water is 
Vx 1.025 xg dynes. So its apparent weight is 

Vg(2,5— 1,025) dynes 
8 A 
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Hence the acceleration with which it descends is 
_F _Vg(2.5—1.025)_ {1 _ 1.025 
Tm AKKAN =e(1 T5. ) 
Hence the depth to which it sinks from rest is 
d=}ft? =4.(2) x 980(1 — 0.41) 
=2x980x0,59 cm=11,56 m. 

Problem: A body of density d is gently dropped on a liquid of 
depth H and density p. Show that is reaches the bottom after a time 
interval given by 
t= J2Hd/g(d—p) [Pat. U.] 

Fx. 1-5.6 An oil-drop rises through water with acceleration 4g 
where « is a const, Find the sp. gr of oil neglecting the friction 
of water. [J. E. E. ’76] 


Solution; Let the volume of the oil drop be V and its weight 
Veg. Wt of displaced water 18 Vg. Then the upward acceleration 
. will be 
F_Vx1xg—Veg 
mal KP 
L 1 
S=al4+< or p=—— 
p T G I+« 
Ex. 1-5.7 Three substances P, Q, R of which one is-an alloy of the 
other iwo, weigh 16, 20 and 22 g respectively in air and 14, tie 
20 g respectively in water, Which one is the alloy and what are the 


= a(t = i) =x«g (given) 


weights of the other two metals in it ? [J. E. E. ’81] 
S 16 20 
Solution : Now Ue Sek ary E ewe 10 
22 
BR fa a aap e 


p here representing the different sp, As 

intermediate between the two it ston the Son N “Wry pee 

Qo Da m hoarie i? xg of Ri e alloy when that of R must be 
—*x)g. volume of P in the all 

of R must be (20 — x)/11 ce, O7 AERA epoca: ths} 
Again the volume of Q is (20—18)=2 cc, Thus 

a Pe 11x+160—8x 

IL Barc Semel Lien 

. »*=5,33 g= Quantity of P 
and (20— x)= 14.67 g= Quantity of R 


` Problem : Three ingots of gold, silver, and their alloy are of 
equal weights, If the gold loses 14 g in water, silver (P= 10.5 g/cc) 
loses 26 g and the alloy 18 g, how much gold in proportion by weight 
is in the alloy and what is its density 7 (Ans, 2/3 ; 15.17 g/cc) 


2 
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Il-5.2.A. Density. By density of a substance is meant its mass per 
unit volume, In the mks system, the unit of density is 1 kg/m? ; in the 
cgs system it is 1 g/em® and in the fps system it is 1 1b/ft®. Measure- 
ment of density of a substance involves finding the mass and 
the volume of a body made of the substance, These can be done 
in various ways, 

When densities of substances are expressed in different units, we 
cannot immediately say which of them is denser (i.e, contains more 
mass per unit volume) without converting the values to the same 
system of units, But if we know the ratio of a density to the density 
of some standard substance, we can immediately understand from two 
such ratios which of the two substances is denser without any 
reference to any system of units, Remember that, a ratio of two 
quantities of the same kind is independent of units and is a pure 
number, Such a ratio.is called the specifie gravity of the substance, 
Generally, water at its maximum density ( about 4°C) is taken as the 
standard substance (p=1000 g/litre) with which to compare the 
densities of solids and and liquids, For gases the standard ‘substance 
is hydrogen at N, T. P, (p=0,09 g/litre), This is why though sp. gr 
of nitrogen is 14 and that of iron 7.8 the latter is not lighter and does 
not float in the former, 

Note’: Jn modern. scientific writing the term ‘specific gravity’ is 
no longer preferred, .The term used in its place is relative density, 
The word ‘specific’ in modern scientific writting is used to mean. ‘per 
unit mass. Examples are specific volume, ‘specific latent heat’, 
‘specific heat capacity’, etc. However, as the syllabus mentions 
‘specific gravity’ we shall be using it. ] 


B. Specific gravity. Specific gravity of a substance is defined as 
the ratio of the mass (or weight) of a volume of the substance to the 
mass (or weight) of an equal volume of water at its maximum density.» 
This is the same as the ratio of the density Pe of the substance 
to the density Pw of water at the temperature at which it is densest 
(i.e. about 4°C), For, let V be ihe volume of the substance, Then 
the specific gravity „S of the substance is given by 


* Relative density is a ratio and ratio of weights of same volumes (mg/m'g) 


of two substances is equal to the. ratio of two masses. 
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__ Mass of volume V of the substance _ Vps _ Pe (11-5.2.1) 
= Mass of volume V of water (at 4°C) Vpw Pw 

In the mks system P= 1000 kg/m*, 

In the cgs system y= 1 g/em®, 

In the fps system Pu = 624 lb/ft”, 

It appears from these relations that in the 


mks system, ps = SX 1000 kg/m? ; | 


cgs system, ps=Sx1 g/cm" ; (IL-5,2.2) 
fps system, Ps=SX 62 4 Ib/ft®. 

Only in the cgs system, the numerical values of ps and S are the 
‘same. Ps for gold is 19.6 g/cc ; convert this value in mks and fps 
systems, 

From the definitions of density and specific gravity you must have 
understood the difference between the two quantities, Densities are 
expressed in mass units per unit volume, while specific gravity is a 
pure number. i 

When we say then that density of brass is 8.4 g/cc we mean that 
one cc of brass weighs 8.4 g, one cubic meter òf it would weigh 8400 
kg and one cu ft of it ‘as much as 514.16 Ibs, If we say instead, 

that Specific gravity or Relative density of brass is'8.4 we understand 
that it weighs 8.4 times as much as water of same volume, 

Relative density or specific gravity of nitrogen is 14 or that 
of Oxygen 16, does not indicate that they are denser than brass but 
they are that much heavier than hydrogen, the lightest of substances 
known, of same volume but under the same conditions of pressure and 
temperature, 


1-5.3. Applications of Archemedes Principle: In the 
laboratory, we use this principle for determining volumes of bodies 
and specific gravities of substances, as also the proportion of two purè 
metals in an alloy. 

The ascent of balloons is an application of this principle, 

All cases of floatation are determined by this principle, the most 
spectacular being that of submarines, 

Buoyancy forces are very important to many marine and fresh- 
water animals, Many sea animals have gas-filled chambers and gas- 
filled “spongy bones which make their density the same as thatof — 
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sea-water, This makes quick movement very easy for them, Some 
have a gas-filled bag, called a swim bladder, whose volume they can 
vary, Squeezing the bag, the fish makes itself heavier and sinks, 
Some have a control valve to adjust the amount of air in the bladder. 
Ease of adjustment to various depths in water is a great boon to 
marine life. Cartesian diver, a toy ( 1L-5.8F ) illustrates this sort of 
working. The principle on which the adjustment is made is the 
Archemedes’ principle. Submarine is a practical application of the 
Cartesian Diver. 

A. Application of Archemedes principle to determination of 
volume, Archemedes’ principle states that when a body is weighed 
(i) in air and (ii) when fully immersed in water, the difference 
between the observed weights is equal to the weight of the water 
displaced by the body. 

If the weight of the body in air= W g,* 

its apparent weight when fully immersed in water =w g, 

then (W—w) 8= weight of the water displaced. 

Now, the weight of 1 cm® of water is equal to the weight of a one 
gram mass. 

Volume of water displaced =(W— w) cm”, 
But this is also the volume of the solid, - 
2. | Volume of solid=(W— w) cm®. 

Ex. 115.8. A body weighs 20.52 g in air and 12.48 g in water. 
Find its volume, density and specific gravity. 

Solution: Weight of displaced water = 20,52 — 12.48 =8.04 g. 
The volume of this water is 8.04 cm’, This is also the volume of 
the solid, 

Hence density of solid= 20,52 g+ 8.04 cm? =2,55 g/cm®, 

Specific gravity = 2.55, 

Ex. 1-5.9. What will the above solid weigh in kerosene, of which 
the sp. gr. is 0.8 ? 

Solution : Volume of solid=8.04 cm®, Weight of displaced 
kerosene =8.04 x0'8=6.43 g. Hence loss of weight in kerosene is 
6.43 g, and apparent weight in kerosene is 20.52 —6.43=14.09 g. 


+Mas and weight are of course different quantities, But in expressing a weight 
we often use the unit of mass when the sense is clear. -Thus it is general, 
accepted that we may write g (gram) to mean gf (gram force) or g-wt (gran 
weight) in clear cases. This practice of course violates use of proper unit symbol 
But it is in use to a fair extent. 
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B. Specific gravity of a substance relative to any liquid and 
to water. From Archemedes’ Principle 
the weight of a body in air= W g, 
its weight in water =w g and 
its weight in a liquid =w g. 
Let the density of the liquid be g/cm’. Then p^is also the 
specific gravity of the liquid relative to water. 


The sp. gr. of the body relative to water=s= na (II-5,3,1) 


The sp, gr. of the body relative to liquid=s“= am (II-5,3,2) 


(W-w) g is the mass of the displaced water and 

(W-w’) g is the mass of the displaced liquid, 

Both masses have the same volume, the volume of the body, 
Then (W—w*)/(W-w) =p” 
AEW We Wa es 
“ S= po" ww Wow xP (II-5,3.3) 
or specific gravity relative to water (s)=sp. gr. relative to ‘a liquid 
(s^) xsp. gr. of the liquid (p^) itself, 


art is 10. ; A ne weighs oP g in air and 60 g in water, What 
will be its weight in kerosene of sp. gr.0.8? What is t . Bt 
the body relative to kerosene ? AF Gans ee 


_ Solution: Volume of displaced water=100—60=40.cm®, This 
is also the volume of displaced kerosene, Weight of this volume of 
kerosene is 40x0,8=32 g. Hence weight of the body in kerosene is 
100 —32= 68 g. and sp, gr, relative to kerosene is 100/32 =3,125 


Ex. Il-5.11. 4 body weighs 300 g in air and 270 gina liquid of 
sp. gr. 0.9. How much will the body weigh in water ? What are its 
volume and sp. gr. ? 


Solution ; Volume of the body in cm® = Volume of the displaced 
ee a g/0.9 BaN =33.3 cmë, In water it will Neigh 
»3 g less. than in air, Its sp. gr. =its mass in air/ma: i 
od Le Neier /mass of displaced 


Ex. 11-5.12, When equal volumes of two substances are mixed, the 
resultant sp. gr. is 4.84 and when. equal weights of them are mixed the 
Sp. gr, becomes 2.08. Find the individual specific gravities. 
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Solution: (a), Let the volume of each be V; their weights Wand 
W, densities p, and Pa. 


WW WW. . Total weight _W+W" 
Then V= 7-7 =p,4P, T S= Total volume 2 
Ww $ 
PRU LE =4.84 68 onah 
WE WK, +P) (Pr +Ps) or Pa +P, =9.68 onli) 
(b) Here the total weight =2 W 
wW 2W _ 2P, Pa 


2 
SP. 8 = 77, (WI) EWI) Pathan 
<. 2PsPs= 2.28(P1 +P) = 2.28 x 9.68 
Now, (Pa —?s)” =(P + Pa) —4P1Ps = (2.68)? —4,56 x 9:68 
or P,—P,=7.16 pe) (ii) 
p= 8°42 Py= 1.26. 

C. To determine the proportion of two pure metals in alloys, 

Let mı grams of a metal of density p, form an alloy with m, 
grams of another metal of density Pa Assuming that the volume 
remains unchanged on alloy formation, the volume V of the alloy 1s 
V=(m,/P,+m,/P,). ts density is 

p=(m +m,)/V= (m, +mMa)(mM [Pat malPa) 
The proportion n of the first metal to the second inthe- alloy is 
n=m,/m,. -Dividing both numerator and denominator of the last 
+ equation by Mma, we get 
pa etme A 
= imm) Pat Ps) "Pit l/h.) 

If p, and p, are known and we determine p of the alloy using 
Archemedes’ principle, we can find n from this equation, You should 
recognise that this was the original problem passed to Archemedes by 

` bis king Hiero. 
Ex. 15.13, A crown of gold with silver as impurity weighs 200 8. 
When dipped in water it weighs 185 g. Find the amount of gold and 


silver in the crown if sp. gr. of gold and silver are respectively 19.3 
and 10.3. [Visva. U.] 


Solution: Let the amount of gold be x g. That of silver would 
be (200 —x)g, Their respective volumes would be x/19.3/ and 
(200— x)/10.3 and so the volume of the crown would be their sum. 

Since the crown when weighed in water loses 15 gf, the displaced 
water must have a volume of (15 g/1 g/cc) 15 cc. 
EARN 200-x_15 
EER EOE 
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<e x=97.57 g=the wt of gold, Then that of silver 
=200—x= 102,43 g 7 


Problem: The crown of Hiero weighed 20 lbs. Archemedes 
found it to lose 1.25 lbs in water, Find the amounts of gold and 
silver if their sp, gr, are 19.3 and 10,5. 1cuft of water weighs 
62,5 lbs. ( Ans 15°08 lbs 4,92 Ibs, [Dac, U.] 


Ex 11514. A silver (p=10.5 g/cc) ornament suspected to be 
hollow, weighs 288,75 g and displaces 30 cc. of water.- Find the 
volume of cavity. [P.U] 


Solution : Volume of the material of the ornament = 288.75/10.5 


=27.5 cc, But its outer volume is 30 cc, So the volume of cavity 
= 30 —27,5=2,5 co. 


Ex, II-5.15. The densities of three liquids are in the ratio of 
1:2:3. Find the relative densities by combining (a) equal volumes 
and (b) equal weights of them. [Gau. U, : C.U] 


Solution: Let the densities be p, 2p and 3p. 


- (a) If the volume V ofeach are mixed, provided no change in 
volume occur, the total volume will be 3y. If pp be the resultant 
density then the mass of the resultant mixture is 3/p, 
The individual masses of liquids are Vp, 2Vp and 3Vp 
So 3Vpp=Vp+2Ve+3Vp or py=2p 
If W be the wt. of cach liquid then the total weight is 37 
and the total volume 3V/py, 
mmm K 


3y 
SLAN UAN L h E 
a ptaptap Whence Py 1,64 (nearly) 


I-54 Principles of methods of determining specific gravity. 
` Specific gravity (s) is relative density, that is, 
a density of the substance _ weight of a volume V of the substance 
density of water at 4°C weight of the same volume of water at 4°C 
So, to determine s, we have to weigh the same volume of the 
substance and water, In the cgs system the numerical value of the 
volume of water in cm3 is equal to that of the mass in grams, 
(i) We can use the balance and apply Archemedes’ principle for 
measuring the masses of the same volume of the substance and water, 
(ü) For liquids, we can use a density bottle (also called specific 
gravity bottle) to determine the masses of equal volumes of a liquid 
and water, 
The density bottle can also be used to find the specific gravity of 
a solid powder by partially filling the bottle with powder, 
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(iii) For liquids, there are other methods, í 

(a) Principle of balancing columns. One depends on the 
hydrostatic pressure hpg exerted by a liquid, If two liquid columns 
balance each other, then h,Pyg=hgPog, OF Py/P3=hg/hy. If p, is 
the density of the experimental liquid and p, that of water, then 
s=P,|Pa= halha. É A 

(b) We can also apply the principle of floatation. All hydrome- 
ters depend on this principle. Two types are in general use— 
variable immersion and ‘constant immersion. type exemplified 
respectively in Common and Nicholson’s hydrometers, 

The different methods for determining s are thus found to depend 
on the following principles :— 


(1) Archemedes’ principle, using the hydrostatic balance, 
(2) Direct weighing by using density bottles, 

(3) Principle of balancing columns, 

(4) Principle of floatation, 

(a) Variable immersion, (b) Constant immersion, 


Fig I1-5.5 


Elucidation : (i) Hydrostatic balance (fig. 11-55) is an ordinary 
balance with a small wooden bench sitting astride the left hand pan, 
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The solid is suspended from the hook and counterbalanced, A beaker 
is next introduced on the bench such that the solid hangs freely inside, 
Water is now carefully poured in the beaker till the solid is well 
immersed.and then counterpoised, Sp gr. is found by applying eqn 
I1-5,3,1, To find the sp, gr of a liquid, the same solid is weighed 


in water and the liquid and eqn II-5.3,3, applied, To find the sp, gi Y 


of a soluble solid its sp. gr. w.r.t. a liquid is found by eqn II-5.3.2 
and then multiplied by sp. gr. of liquid w.r.t water. To find sp. gr of ' 
a solid lighter than water, a sinker is used, ; 


(75 ` (ü) Density bottle (fig 11-5.6,) is a stoppered 
bottle with a definite volume (25 ce, or 50 co,). Itis 
weighed empty, then when filled with water and 
finally with the liquid, From these the masses of 
same volumes of liquid and water are found and sp. 
gr of liquid determined, 


To find sp, gr of à powdered solid four weighings 
are required ; empty bottle (W,) partially filled with 
solid (W) the rest filled with water (W) and finally 
filled only with water (W4). Then 

_Wa- Ws 
Wa-Ws+W,—-W, 


Fig II-5,6 


sp. gf= 


(ili) Balancing Columns are of two types namely (a) U-tube 
and (b) Hare's apparatus. The working principle h,P,=hsp. 18 
the same (I1-4.7.1) in both ; but in the U-tube air pressure is not 
of any significance but the latter cannot work without that pressure. 
Again, in the former, liquids must be immiscible with each other 
as you can readily realise but in the latter they need not be so, 
for they are not in contact. 


But in a modification shown in fig, II-4.12 (c) the U-tube 
can also be used to compare the densities of miscible liquids, The 
U-tube is mounted vertically and mercury fills up its curved part. 
The two liquids are poured till mercury stands at the same level in 
both arms. Then hyP=h.Pa 
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(b) Hare’s Apparatus (fig II-5.7) is an inverted U-tube with 


a side tube at the middle of the 
bend and connected to a short piece 
of rubber 
cock, The open ends of the 
limbs dip into two beakers with the 
liquids, Air is partially sucked out 
through the side tube when the 
air pressure on the liquid surfaces 
in the two beakers pushes up 
the liquids into the two arms to 
different heights inversely as to their 
densities, 


(iv) Floatation and Hydro- 
meters: A. The common hydro- 
meter. 


It is a hollow glass chamber 
weighted at the bottom and has a 
graduated stem of uniform sectional 
area at the top (I-5.8a) When 
floated in 


Fig, 11-58 
alcohol etc. depends directly on their 


tubing and a pinch" 


Fig, Il-5,7 


a liquid it sinks until it displaces its own weight 


of the liquid, The lighter the 
liquid, the deeper it sinks 
before coming to rest, The 
scale attached to the stem 
is so calibrated that the 
specific gravity of the liquid 
can be read off directly at the 


point where the stem just 
projects through the liquid 
surface, 


The commercial importance 
of many liquids such as sugar 
solutions, sulphuric acid, 
specific gravity. Hydrometers 
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are extensively used to find their specific gravities, Some 
hydrometers are designed and calibrated for specific purposes, An 
alcoholometer will give the concentration of spirit; @ lactometer will 
judge the purity of milk, A common use of a hydrometer is in 
testing the acid solution of the lead storage battery in cars, 


B Nicholson’s Hydrometer: The instrument has a hollow 
cylindrical body (A ; II-5,8b) to which a thin stem B is attached, 
The stem carries a tray C on which weights (E) can be placed. There 
is a small conical basket D at the bottom carrying lead shots fixed 
with wax. This keeps the hydrometer floating vertically, In using 
the instrument, weights are placed on C so as to immerse the 
hydrometer up toa fixed mark on B. It is therefore, known as @ 
constant immersion hydrometer, and is always made to displace the 

- same volume of water. 
Ex. 115.16. 5 cc of water is mixed with 7 cc of a liquid of sp. 8". 


1.85 when the mixture attains a sp. gr. of 1.615. Find the amount 
of contraction. [ C.U. ] 


Solution : 7 cc of the liquid weigh 7 x 1,85=12.95 g. 
Mass of the mixture =12.9545=17,95 g 
Volume of the mixture = 17.95/1,615= 11.11 cc 
.. Contraction =(7+45)—11.11=0,89 cc 


Ex IL5.17.' A test tube loaded with shots weighing 17.1 g in all, 
floats in alcohol immersed upto a certain mark. It is then placed in 
water and 3.2 g more of shots have to be added to sink it upto the 
same mark, Find the sp. gr. of alcohol. { Pat. U. ] 

_ Solution; This is a constant volume immersion problem like the 
Nicholson hydrometer. Wt of displaced alcohol is 17.1 g and that 


of displaced water is 17.14+3,2=20,3 g. The volumes displaced are 


the same, 
+, sp. gt, of alcohol=17.1/20.3 =0,84 


Ex, 1-548, A tube 1mlong and lcm in internel diameter of : 
mass 100 g weighs 150 g when filled with a liquid. How much would it | 


weigh when full of water and what is the sp. gr. of the liquid ? 
` [ Pat. U. ] 
Solution : e problem is that of a density i le. 
The internal volume of the tube is 100 xx x(0.5)7. ae Ps ea pes 
So water in it would weigh 78.57 g : : 
„s Sp. gt. of liquid =(150 — 100)/78.57 = 0.636. 


1-5.5. Floating bodies. According to Archemedes principle 4 | 


body, even if partly immersed in any liquid, will experience an upward 


ARCHEMEDES PRINCIPLE AND FLOATATION 125 


buoyant force equal to the weight of the liquid displaced, The 
downward force on the body is its weight, When the two forces are 
equal, the body floats. We say that a body floats when it displaces 
its own weight of the liquid. When a floating body is placed in a 
Jiquid it will sink till it displaces its own weight of the liquid, If 
pushed further into the liquid, it will rise when released. Whena 
body is unable to displace its own weight of liquid, it sinks. 


Floatation and density. Though we have noticed above, that the 
differential weights of the body and that of the displaced liquid as 
determining between floatation and sinking, the essential factor is their 
differential densities. y 

(A) Let a homogeneous body of density p be gently dropped in 
a liquid of higher density pric. p<p. The body starts sinking and 
displacing more and more of the liquid, Thus the weight of the 
displaced liquid (W’) and hence the upward thrust of buoyancy grows 
till it equals that wt, of the body (W) and the body sinks no further ; 
part of it remains exposed above the liquid surface, Left to itself 
the body will come to rest and be in equlibrium, for the two forces 
wW) and W‘ act along the same line equally and oppositely and no 
couple would act on it, 

If the body is further depressed the volume of the displaced liquid 
W’ exceeds W. An additional downward force (W'— W) is required 
to hold the body in that position. If released, this force pushes the 
body upwards», and is proportional to the additional immersion, So 
the body ascends, executes S.H.M. for sometime (fig, III-1,5) before 
coming to rest ; when at rest it maintains the condition of W= Ww. 
A piece of cork or wood in water behaves thus, 


(B) Let the density of the homogeneous solid be equal to that of 
the liquid ie, p=p% Then it will displace its own volume of the 
liquid before the condition, W= W reached, Thus it must be fully 
submerged for Veg=(W) equals Veg=(W’). However it will be at 
rest anywhere within the liquid, Its apparent weight is zero anywhere 
within the liquid. A drop of olive oil in a suitable mixture of water 
and alcohol behaves thus. 


cena ia: Ue 
* See example II-5.3 under Buoyancy. 


. 


» beopancy (M is Sy L-59) 
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(C) The body does not float but continues sinking when W> 
Le, P>p for then Vpg>Vp'g. [See Ex, 11-5,5 and the 
problem) Remember this is no case for condition of floatation but 
foregoing two are. A piece of iron or most of the metals sinks 
water but floats is mercury, Li, Na K, eto, are however lighter 
water though metals, and 40 float in it. 

Equilibrium of Floating bodies Resultant force and couple 
a body must be zero for a body to be in equilibrium, Hence, 
Only the wis of the body and the displaced liquid must be equal 
they must be collinear and act oppositely, If they are not coll 
a couple would result, So we have— 

Conditions of foation: Fora solid to fost on a liquid 

G) its wt, mun equal that of the liquid displaced (no n 


@) the C.O., of the solid and that of the displaced liquid 
be in the same vertical line (mo resultant couple) 

Pot stability of the Sostas body, CG, of the solid most 
below the center of buoyancy i e, the CO, of the displaced liquid, 
ability of a Meating body : For a floating body to be in 


withowt changeg the volume of the displaced bqud, the post 
Ge vertical tke cots the straight Bae joining the CG. of the body 
the crigine! C.O of the lequad, ie called the mete center or contet 


For eqsilibrice the metecester or oster of beopeecy io the’ 
CG. of the dicpleced liquid and the C G of the temmersed stid 
mat the is the same vertical lise 
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For sable equilibrium C O. of the body (G) must lie below the 
center of buoyasey (1) as shows ia âg 1-5,10a) depicting a floating 


ship. 
If the ship heels over (fig I1-5,10b ), B shifts position and 1’, the 
lever arm lncensses in length, So long as D is above O and 1” does not 


washi the ship rights iinit Bet if she is bonded heavily with cargo 
on the deck, O may rine too high and as shows figure (t), the cowpie 
trade to copaisa the whip This tate of affair bobt however for calm 
seas aad rivers Hlemor, for sabie equalibevem the mete<entre mat 
abways stay adowe the CO of the Rosting boty, 


DSO theme Relations ja commention wi Meetetion 
A Wife a boty of vieme V Aani h o hyii of amiy 7, 
the iaenad vodem s y hoe he ged exerts ce pr ep Dy 
png lah haem of dargdead Legead 
Weer a one 


Me Saat das ats L 0 


8 a a ee y 
Pija Laa be he fomnum of ir vedome ered a 
whee the hody footie Thon ia wright i kaereh ger yod 
gime wate 8 Tg aE w emer we 
` s Mesy @ pee ms 
If he hgud ie whut A Sent hm s Anmity p, we shal Seve 
gente a paw 545) 
‘That reset cusp te epenn a words s fobion ; 
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If a solid floats in a liquid with a fraction nof its volume immersed, 
then the density (or the specific gravity) of the solid is n times that of 
the liquid. [ Iron has a lower density than mercury, So iron floats 
on mercury with a fraction of its volume immersed, ] 


Ex. 15.19 Ice has a specific gravity of 0.917. What fraction of 
its volume will emerge out of water ? 

Solution: If V is the volume and a fraction n is submerged, then 
Vx0.917=nV or n=0.917, The emergent fraction is (1— 0,917) 
= 0,083 (nearly one-twelfth). 

Ex. 1-5.20 If the emergent volume of an iceberg (sp. gr.=0.917} 
is 1000m®, how much of it is below sea-water (sp. gr = 1.028) ? 

Solution: If V m? is the volume below the surface, then 

Vx 1,028 = (V+ 1000) x 0.917, whence V= 8261 m’. 


Problems. (1) A piece of wax of volume 22 cm® floats in water 
with 2 cm® above the surface, Find the weight and specific gravity 
of the wax. LC. U.) (Ans. 20 g, 10/11) 

(2) A block of ice weighing 1000 kg is thrown into the sea, 
Determine the volume of ice submerged, The density of ice is 0 917 
g/om® and density of sea water is 1.03 g/em®, — [Ans, 9°71 x 10° cc] 

©. Let 7, and /, be the lengths to which a cylinder of cross- 
section A sinks in two liquids while floating in them, Let p, and Ps 
be the respective densities ot the liquids, By Archemedes’ principle 
‘the weight of the cylinder would be 

W=Alp,=Al,P, Or, fant. (11-5.6.4) 
1 2 

Now, if p, and l, refer to values for water, p/p, is the specific 

gravity of the other liquid. Hence we may say that 


The specific gravity of aliquid is equal to the ratio of the depth 
1,, to which the cylinder sinks in water, to the depth la, to which it sinks 
in the liquid. 


Ex. 5.21 A wooden cylinder of uniform cross-section is 10 cm 
long. It floats in water wtih 2 cm ‘above the surface. Ina salt 
solution it floats with 3 cm above the liquid surface Find the „density 
of the salt solution. ¥* 

Solution: Let A cm? be the area of cross-section of the cylinder, 
and p,) the density of the solution in g/em®, Then the weight of th 
cylinder = weight of displaced water = weight of displaced liquid. 


B 


NY 
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Now, weight of displaced water = 84 g-wt, 
Weight of displaced liquid =74p g-wt. 
+. TAp=8A or p=8/7. 

_ Ex. 1-522. In the above problem find how much of the cylinder 
will be above the liquid surface when floating in a liquid of specific 
gravity 1,25. 

Solution: If x cm is the length sought, then (10—x)cm will be 
below the liquid surface, Hence 84= (10 —x)A x 1.25 or x= 3-6 cm, 

Problems (1) Sea water is 1,03 times as dense as fresh water, 
How many cubic metres of sea water will be displaced by a ship of 
total weight 5,000 tonne?  ( 1 tonne= 100 kg), . [Ans. 4874 m°] 

(2) A large block of ice (density 0.9 g/cm"), 5 metres thick, has 
a vertical hole drilled through and is floating at the middle of a lake, 
what is the minimum length of a rope required to scoop up a bucket- 
ful of water through the hole 7 (Į 1 T. 83], (Ans. 50 cm) 

The average density of the human body is very slightly less than 
that of water, When we breathe out air our body becomes smaller 
and so denser than water and we sink. But when air is inhaled the 
body becomes lighter than water, The art of swimming consists in 
keeping the head (which is heavier) out of water, Animals need not 
learn swimming, for their heads are lighter, 

The water of the Dead Sea contains so much salt in solution and 
is so dense that one does not sink init, It is easier to swim in salt 


water than fresh water, 

Problems. (1) A cubical block of wood of sp, gr. 0°7 floats in 
water, just completely immersed, when a body of unknown weight is 
placed init, Find the weight of this body, if the volume of the block 
of wood is 100 cm’. [Ans, 30g] 

(2) A piece of iron is placed on a piece of cork and the two 
together float on water in a tumbler, Ifnow the piece of iron is taken 
off the cork and dropped into the water, will the level of water in the 
tumbler rise or fall 7 

[ Hint: While on cork, the iron displaces its own weight of 
water, While in water, it displaces its own volume of water, The 
former is larger than the latter. Smaller displacement causes smaller 
rise in water level. ] 

Ex. I-5.28. Show thata hollow sphere of radius r and sp, gr. 8 


will float on water only if the thickness of its wall is less than 3r/s 
{ Nag. U. ] 


9 
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Solution. Let the wall thickness be x for which the sphere would 
just float, Water then displaced has a volume of $xr*. p 
Volume and mass of the material of the sphere are $x[r° —(r—x)"] 
and afr? —((r—x)*Js respectively. For it to just float then 

galr —(r—x)*]s= gar? x1 


as rfi-()" k=" or (ean ; ý 


$ 
or (1 -7 ~1 -}7= 1-2 or x/res3/s 
x=4.r/s Thus if x<3r/s the sphere would float, 


Ex. 1-5.24. A body floats in water with Zth its volume above the 
liquid surface. It is released from a depth of x under the liquid 
surface. Show that it reaches the surface after a time interval 
of J6x/g. 

Solution ; If the density of a floating solid be p with its nth 
fraction under a liquid of density p” then p=np. Here p=3p" 

Now the weight of the body is Veg and that of the displaced 
liquid is Vo g= V$p8. R 

<. Upward thrust = Vp g— VPg =}PgV 

and upward acceleration f =? = ee g 


Now x=} ft? or t= WEAN 


Problem: Why a uniform wooden stick floats horizontally but 
not vertically without being loaded 7 [J. E. B72 ] 


Ans, Since wood has a density lower than that of water it would 
float. The cylinder would float horizontally because it then exposes 
a large surface area to water and 
can displace its own volume of 
water by small immersion. 

The same would happen (i.e. 
large surface exposure) when it is 
properly loaded and drags vertically 
a large portion of the cylinder 
down, It will not float vertically 
without load as then the C.G of the 
rod being far above the C.B of the ` 
liquid, chance of unstable equilibrium is very much greater, For 
horizontal floating the two are very close and in the same 
vertical line, 


Note: If the vertically floating cylinder is depressed a little 
(say by. x) and then let go it will be acted upon by a net upward 
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force Axpg (where A is cross sectional area) and execute an up-and- 
down S,H.M, (Chap, III-1) 


Ex. I1-5.25. A hollow cube of side 25 cm is floating half submerged 
in water, Find the volume of lead attached to its lower end so as 
to sink it a further 1.6 cm in water. P of lead=11.5 g/ec. 

(J E. E. 67] 


Solution : On depressing the cube by 1.6 cm further, the volume 
of water displaced will be 25x 25x 1,6=1000 cc and the upward 
thrust would be 1000 gf, To counterbalance it, the mass. of lead 
required must be 1000 g ‘and of volume 1000 g/11,5 g/cc =87 co, ' 

1-58. Some special examples of floatation, (i) When ice floats 
in a tumbler, full to the brim with water, will the melting of ice cause 
water to overflow p When the ice floats it displaces its own weight 
of water. Let V be the volume of water displaced, On melting the 
ice will form exactly this volume V of water and just fill up the space 
which the ice displaced. So when ice melts there will be no change 
in the level of water in the tumbler, 

(ii) A Floating ship~-A ship is made of steel and yet it floats, 
For it is given such a concave shape with the hollow upwards 
that, as it sinks into water, it displaces a large volume and soon 
the weight of that water equals its own weight, The factor 
which makes it possible for a ship to float, is the shape. Tbe density of 
the material of which it is built is greater than that of sea-water, 
Buoys marking the channel in a river are hollow iron spheres, They 
float because each one can displace a weight of water greater than its 
own weight, 

B. When a ship sinks it reaches the bottom of the sea, The 
density of water at great depths differs but little from the value at the 
snrface, Even at a depth of 5 miles the density does not exceed the 
value at the surface by more than 5%. An object of density very 
slightly greater than that of sea-water, but not exceeding the latter by 
more than the above value (i.e. lying within the approximate range of 

‘densities from 1,03 to 1,08 gm/cm®), may be supported at a suitable 
level in sea-water, But a ship of a material of higher density sinks to 
the bottom. Compressibility of water, a liquid, is very small. 

The density of fresh river water is less than that of sea-water, So 
greater volume of fresh water must be displaced to match the weight 
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of tte ship than of sea-water, That is why a ship just afloat in the 
Bay of Bengal may sink in the river Hooghly on her way to Calcutta, 
That i8 why a ship gets depressed more in rivers and rises slightly” 
when ‘sailing out to sea, W 
L “Ëk 5.26. A cargo ship sinks by a cm going into a river from the 
seass\cQn discharging the cargo she rises by b cm. When the empty ship 
Sailsvout in the sea she further rises by ¢ cm, Taking the ship-sides 
+ dseverteial to the sea-water show that the sp. gr. of sea water is given” 
by bi(e—a-+5). [ Pat. U, | 
elasélutions The ship, note, behaves like a giant constant weight — 
hydrometer, Let its sides be immersed by x cm into sea-water before 
coming into the river, Then | $ 
HSA q= Immersion depth in river-water with cargo 
sñyya b= ” Mibi » without cargo 
comrba-b-c= ” ” * sea ” n x 
ounkét p beithe density of river water and p° that of sea-water, 
Then p: 
Na ship with cargo=p x= plx +a) Lond 
SW of ship without cargo =p (x-+a—b- c)=0(x+a—b) ws (2) 
brsw Subtracting (2) from (1) we get p° (c+b—a)=Pb 
nooe t . o, a b 
novon `" p c+b-a l 
lo Carrying capacity of a ship is the difference in weights displaced 
by the fully loaded ship and the empty ship. When we say a giant ) 
Qillitanker is of 100,000 tonnage we mean that when fully loaded it 
willdisplace 100,000 tons of sea-water when floating, 

Plimsoll lines are white lines painted on sides of a ship indicating 
the maximum depth upto which the loaded ship can be immersed, 
FW,is the level of maximum sinking in fresh water and W the 
minimum sinking, JS stands for Indian Ocean in summer ; S and W 
are for summer and winter in other seas. The variations are due to 
different salinities in different! oceans and different seasons, Obviously 
FW,is the maximum permissible immersion in sea. Immersion is 
always less, They are named after Plimsoll, a British M.P, who 
initiated an Act of Parliament (1776) to stop overloading and conse- 
quent hazards of sinking, by greedy tradesmen, A ship of displacement 

400,000 tons imply that the loaded ship must weigh that much to 
sink her upto the FW Plimson line, A ship drawing 30 ft of water 
implies that its keel-to-water surface distance is that much. 


i 


ARCHEMEDES PRINCIPLE AND FLOATATION ‘33 


C. Floating dock is a giant recangular trough into which LOéeti- 
liners can move in, when it is full of water, -It has large chambety'at 
the base from which water can be pumped out and air pumped "Git" 
that the dock becomes lighter and floats up along with the liner’ Its 
base than becomes dry to carry out necessary repairs, One such) Has 
been found at Lothal, Gujerat amongst Indus Civilization ruins} 

D. Life belts used in ships and boats are large belts ifatable 
with air, like tyres so that with a small immersion it can ‘alsptace 
large volumes of water, and float and support ship-wrecked ‘ea 
or novice swimmers, 

E, Submarines (Fig, II-5.11) The submarine is so built that it 
can float like an ordinary ship. It has two shells, one inside the 


PERISCOPE 


Fig, I-5.11 
other, The inner shell is much stronger than the outer. The space 
between the two shells is divided into chambers, When they are full 


of air, the submarine floats, When the 
chambers are filled with water, the submarine 
sinks, When it is required to rise to the 
surface, water is expelled from the chambers 
by pumps driven with compressed air. This 
lightens the sub, and it floats up. 

F. Cartesian Diver (Fig 11-5.12) is a toy doll 
invented by Descartes which long anticipated 
the workings of a submarine, It is a comic 
hollow small glass, doll with a hole in its tail, 
It can be simulated by a small hollow glass 
bulb with a taper opening downwards, The 
doll contains some air and water inside, in = 
such proportion that the combination floats Fig, 11-5,12 
totally submerged, in water in a tall glass jar. The top of the 
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jar is closed with a rubber membrane enclosing below it some air 
above the water surface, On pressing the membrane the air gets 
compressed and the pressure is transmitted (Pascal's law) through the 
water to the air inside the doll, contracting it. More water then 
enters the doll making it heavier and it sinks, On releasing the 
pressure on the top, air inside expands and the doll comes up, By 
adjusting your finger pressure, you can make the doll stop anywhere 
within the water, At different depths the volume of trapped air being 
different the weight of the doll differs (why 9), 


{1-6 


PNEUMATICS AND 
ATMOSPHERIC PRESSURE 


1-6.1. Pneumatics. 

The subject-matter refers to the properties of gases at rest and 
belongs to that broader branch, Hydrostatics, In common with the 
other class of fluid the liquids, gases are found to 

(i) exert normal thrust on any surface they are in contact with 

(ii) obey Pascal’s law in transmitting pressure applied to any 
part, undiminished, to the containing walls in all directions and 

(iii) obey Archemedes’ Principle in exerting a buoyant force on 
any solid submerged in it, 

Note that Pascal’s law would be obeyed in artificial satellites but 
not Archemedes Principle which is concerned with weights (non- 
existent in satellites) whereas the former deals with pressure of the 
gases which must be there present, 

Gases however differ from liquids in being highly compressible, 
This is because of their structural difference we have discussed before, 
in Chapter 11-2 

I-6.2. Gases have Weight and exert Pressure t 

A. A hollow 1-litre glass globe full of air (fig. If-6.1) is weighed 

and re-weighed after pumping out air from it, In the second case the 
‘globe will weigh nearly 1.3 g less, The weight 
of air however would change from this value 
at significantly different temperatures and 
pressures, for their changes induce that in 
density (mass of unit volume), volume of a gas 
in the container remaining unchanged, 

Voltaire is said to have concluded that air 
has no weight from the following experiment, 
He weighed a toy balloon in a sensitive 
balance and then inflated it and re-weighed it. = 
No change in weight was noticed, The fallacy Fig, I1-6.1 
lay in the fact that when inflated, the balloon was acted upon by 
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* 
the upward buoyant force of the air it displaced, which had the 
same weight as that of the enclosed air, their volumes being equal, 


(i QSS. A’ soft plastic bag weighs the same when empty as wh 
filled with air at atmospheric pressure, Why Would the wei 
be the same when measured in vacuum 7 
Ans, In air, the apparent weight=true weight—buoyant force 
due to-air on it, When the bag is full of air, the buoyant force due 
to air increases by the weight of the additional air displaced, Hence 
whether empty or full we get only the weight of the bag (less the 
weight of the little air it displaces), But im 
vacuum, there is no force of buoyancy. Hence 
the bag containing air will weigh more. 4 
B: That a gas does exert pressure on its 
containing walls can be very easily proved by 
small toy rubber balloons. The mouth of one 
such containing a little air or any gas, is sealed — 
and the balloon placed on the receiver of a 
Fig, 11-62 vacuum pump under a large bell-jar (fig, I1-6,2). 
„As the bell-jar is slowly evacuated the small shrunken balloon swells 
upto almost a sphere, The same will happen if the shrunken balloon 
is slowly heated up. The swelling is obviously due to the pressure of 
the gas inside, which in both cases, rises above the outside atmo- 
spheric pressure, 


-` IF6.8 Pascal's Law applied to Gases and Simple Manometers. 

If pressure be applied’ from outside on an enclosed volume of gas 
‘thereby diminishing its yolume, as by squeezing an inflated balloon, 
or pressure inside, it increased by pumping in air, pressure of the 
trapped gas on the containing walls rises and equally so at all points. 
This can be verified by attaching small manometers at different points 
of the walls, Manometers measure gas pressures, 

That Pascal’s law si applicable to gases renders possible application 
of compressed air for diverse purposes, Air is compressed by 
electric motors when demand of electricity is low and stored in large 
steel tanks, It is used to drive turbines that run electric generators 
when the demand goes up. This arrangement allows generators to 
be run steadily at lower loads all the time, preventing shut-down 


PNEUMATICS AND ATMOSPHERIC PRESSURE 137 


during lower and straining them during peak demands, Besides, 
compressed air drives pneumatic devices to cut or drill or chip stones 
and hard metals, These tools are a must for mining in hilly regions, 

It is the transmissibility of gas pressure within our bodies or our 
rooms that keeps the pressure within and without equal, Had it been 

not so we would have been squeezed tight by atmospheric pressure of 
about 14,7 Ib-wt on each square inch of our body, An ordinary 

person has a body surface area of about 16 sq, ft thereby subjected” 
to a total of about 15 ton-wt, 

To measure gas pressure inside a closed vessel when it is not much 
different from atmospheric pressure a U-tube 
manometer is used, It is a very simple 
device as shown is fig. 11-63, It is justa 
U-tube open at both ends containing some oil 
for low pressure differences, mercury for 
higher, The end A is open to atmosphere 
and the end B is connected to the closed 
vessel where the gas pressure is required. If 
the gas pressure there exceeds the atmospheric 
pressure it pushes up the liquid in the open 
tubeand the gas pressure in gf is the difference 
in heights of the liquid columns (CD) in the 
two arms multiplied by the density, When the 
required pressure is lower the liquid stands 
at a lower height in the open arm. The gas pressure from the closed 
vessel in transmitted undiminished through the gas in the connecting 
tube through the liquid to D- where it is balanced by the downward 
pressure of the atmosphere + the liquid pressure of the column CD, 

1-64. Archemedes Principle in Gases 

Gases being fluids and having weight on earth, exert upthrust 
on solids immersed in them, Question of partial submerging however 
does not occur here, 

Buoyancy of air can be demonstrated easily by the following 
arrangement (fig. 11-64). A light but large hollow sealed glass 
sphere is suspended from one arm of a sensitive common balance 
placed on the receiver of a vacuum pump and counterpoised (fig, i). 
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The balance is totally enclosed by a bell jar, its periphery on the a 
receiver being made thoroughly air-tight. As the pump is run, 


Fig, II-6.4 


gradually the globe is found to descend (fig. ii), On readmitting ait 
fully the balance is restored. Ifa spring balance is used the same is 
found to happen. m 

The explanation is simple, Air exerts upthrust both on the globe 
and on the balancing weights, But because of the much larger 
volume of the globe, much larger is the upthrust of air on it, and so 
is its apparent loss of weight, In absence of air therefore, the globe 
is found to be heavier than the weights, 


Because of this buoyancy, akg of cotton would weigh much more 
than a kg. of lead or iron in vacuum, though they may weigh equal in 
air, Lead is far denser than cotton ; a kg of it hence occupies a much 
smaller volume and so suffers much less upthrust, much less apparent 
loss in weight than an equal mass of cotton. 

A. Buoyancy Correction for Weighing in Air. From the above 
example we find that a body to be weighed and the standard counter- 
poising weights have different volumes and hence suffer different 
upthrusts of air and so different losses in weight, So a correction is 
needed, to get which we proceed as follows ; 

Let M=true mass of the body, m its apparent mass in air which 
is also the apparent mass of the standard weights used, D=density of 
the material of the body, o that the material of the standard weights 
and p that of air at the time of experiment, 
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Then the volume of the body is M/D and the upthrust on it due 
to air is (M/D)eg. The upthrust on the counterpoising weights is 
similarly (m/o)Pg. Since the apparent weights are equal we shall have 

Mg—(M|D)eg= mg —(m/o)Pg 
whence M=m5—2/7sm( 1 ~P\(142}am[1—o(5-7)] An 
expanding by the binomial theorem and neglecting higher terms, 

Thus with the body and the weights of the same material (D= o), 
no correction arises, But with D>c (the body . being of greater 
density) the true wt is less than the apparent i. e. recorded weight. 
With D<a, the true wt is greater, 

Example 1:61. A body weighs 40g in air, the density of its 


material being 0.76 glec that of the counterpoising weights 8.4 g/cc 
and that of air 1.293 g/litre. Find the true mass. [ ILT. ’69 


Solution. Using the formula deduced gine we have 
T= pla _ 4g —9.001293/0.76 _. 49 062 
M=m j= = 40019384 Pe 


Ex. I-62. Calculate the percentage error arising from neglecting 
the buoyancy of air in weighing an object of density 12 g/cc with 
brass weights of density 8 g/cc. Density of air =1.2%10-* g/cc, 

; (J. E. E. ’81 ] 


Solution: From eqn, jy it have ai 
M = a = _—_—- 
ehir o(* 5) AG J 


„M-m, 100= o-e(1 _1 
the percentage error = ——— x100=1.2x1 137g) x 100 


=0,005% 


B. Lifting Power of Balloons. You must have observed that 
children’s balloons filled with hydrogen tends to rise up, Scientists 
now-a-days use balloons filled with helium which carry up self- 
recording instruments to study the conditions of atmosphere at 
various heights and those of weather. Von Hess sent up balloons 
with electroscopes to study Cosmic Rays in the upper atmosphere 
(1911), Man ascended in a balloon to 13.7 miles in 1935, Airships 
or Zeppelins prior to 1940 used for passenger transport from Europe 
to America were specially adapted balloons utilising hydrogen, 

They rise because of Archemedes’ Principle, The gases hydrogen 
and helium are much lighter than air, When inflated with these 
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gases balloons displace an equal volume of air which has a much 
larger weight, The balance of upward force between buoyancy of air 
and the weight of the balloon including those of the envelope and the 
enclosed light gas, is its lifting power. It may raise that amount of 
weight, If V be the internal volume of the inflated balloon and P, p! 
densities of air and the enclosed gas under same temperature and 
pressure then 

the total lift of balloon = Vg — Ve g =Va(p—p’) 

and the available lift = total lift— wt. of balloon and its contents 

=Vg(e—°)-W (11-6.4,2) 

Ex. II-6.8 The envelope of a balloon has a 500 cu. m. capacily 

and is filled with hydrogen of density 0'089 g/litre. If the total weight 


of the balloon and its load is 200 kg and density of air 1.293 gllitre 
find the available lift. 


Solution: Total lift=Vg(p—p)N 
= 500 x (1,293 — 0,089) kgf= 602 kgf 
<. Available lift = 602 —200=402 kg. wt. 

It must however be rememberd that as the balloon rises the 
density of air surrounding it, diminishes and so does the external 
pressure. So the buoyancy falls as the balloon ascends and (though 
it inflates tending to raise buoyancy) a height is reached where 
buoyancy and the weight just counterbalance and the balloon stops 
tising (may be said to just float). Hence for a rising balloon a ceiling 
ascent exists depending on its volume, load, enclosed gas and density 
of air at that height. For a liquid however no ceiling of depth exists 
for its density does not alter much with depth and the buoyancy on a 
sinking ship changes but little, 


II-6.5, Work done by an Expanding Gas and Boyle’s Law : 

We have seen above that compressed gases drive machinary so it 
can do mechanical work, The work it can do against a constant 
pressure can be calculated. We imagine a gas contained in a vertical 
cylinder under a gas-tight piston. The enclosed gas exerts a constant 
Upward pressure on the underside’ of the piston because of molecular 
bombardments, If this pressure is Pand the piston cross-section A 
then the thrust exerted by the gas on the underside is PA. Let us 
press down the piston slowly (why?) and uniformly through a 
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distance J, Then the work done against the gas pressure is PAI. See 
that A/ is the extent by which the gas volume has diminished. So 
the work done is W=PAl=P(V;—V,) 
e.g, work done by a gas against atmospheric pressure in expanding by 
one litre is 1 litre-atmosphere = (1,013 x 10°) x 10° ergs= 101.3 joules, 

But work done in compressing a gas leads to rise in pressure on 
the underside of the piston for molecular bombardments become 
quicker as they have less distances to cover to the bottom of the 
cylinder and back and forth, This fact leads to the Boyle’s Law well 
known to you, It states that 

For a given mass of gas at constant temperature, pressure 
varies inversely as the volume. If in the above example the initial 
pressure and volume of the enclosed gas be P and V and their final 
values P’and V% then we have PY=PV~ The law will be discussed 
in full in HEAT (Chap, IV-5), 


Ex. 116-4, An empty beaker floats in water bottom upwards It is 
gradually pushed down nnder water in that condition. Show that 
after <i a certain depth it loses all its buoyancy and -sinks 
of itself. 


Solution: Let the empty beaker contain V cc of air at pressure P, 

As it is forced down mouth 

downwards, water enters it 

compressing the air, With 

depih the yolume of enclosed 

air diminishes and pressure 

on it increases, Let hom be 

the depth of immersion when 

the required condition arises, 

Then at that depth, the wt, 

of the beaker Wethat of 

water displaced by Archemedes 

Principle. . 

<. W=(v+W/e)x1 where y is the volume of air and p the 

density of the beaker material, 1 the density of water, 
+. v= W-Wip 

If His the height of water barometer exerting pressure P, then by 

Pascal’s law pressure on the enclosed airis(H+h)cm, So by Boyle’s 
law VH (at surface) =»(H-+h) at immersion h 

aes, NS) 
P 
or = at Sad A 
H+h W-W WEPT) 


TA 
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At this depth the weight of the beaker is just balanced by the 
buoyancy, A little more immersion, the enclosed air is compressed to 
a volume less than the critical and the beaker sinks, 


Problems (1) : How far should a long wide glass tube closed at. 
one end be dipped in water open mouth downwards such that rds of 
it is filled up with water p Atmos Press=76 cms of Hg. (9 
[ Ans. 20.71m] 


(2) Force a small inflated balloon some distance under water 


It will then sink. Why ? [LLT ”72) 


II-6.6. Atmosphere: We and everything else on the surface of 


the earth is submerged in an ocean of air, The gaseous envelope 
of the earth is called the atmosphere, This gas—our air—without 
which we would not survive beyond a few minutes, is really a mixture 
of several gases, about 78% of N,, 21% of O, and 1% of A. Besides, 
there are CO,(0,03%), Ne(18 x 10-49%), He(5,3 x 10-4%), Kr(1 x 10749) 
H,(0.5 x 10-74%), Xe(0.08 x 10-4%), 0, (0,01 x 10-4%) of which. the 
amount is variable and increases with height and a variable quantity 
of water vapour, The composition stated, is by volume, Atmosphere 


is the only example of a gaseous mass held in equilibrium without 


a container, 


It is not possible to state precisely the height of the atmosphere. 
Air is densest at sea-level, thins out with height gradually and finally 
fades away in the interstellar space. There, where vacuum is con- 
sidered to be perfect contains matter, one or two molecules per ce. 
The atmosphere is broadly divided into two belts the troposphere, a 
region of turbulence upto about 8 miles and beyond, the stratosphere, 
a region of serenity and tranquility. Molecules of air move about 
very fast, Only the earth’s gravity prevents them from flying off in 
space, Gravity acts towards the earth’s center and as you have 
seen, grows stronger as its surface is approached, Hence the air 
molecules tend to crowd together near the surface of the earth. 
A schematic diagram of the atmosphere upto about 250 miles is showa 
in fig, 11-65, 59% of the total weight of atmosphere is due to air 
within 3} miles and 99% within about 20 miles, From 30 miles to 
250 miles above extends the Jonosphere from which short radio 
waves are reflected; matter is present there very sparingly in the 
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form of ions, Crowding of molecules close to the earth’s surface 
explains why air there is the densest and thins away with height, 
Complete crowding is prevented only because, of thermal motion 
of molecules, 

All our winds, storms, transport of heat energy and moisture 
occur in the turbulent troposphere, which is barely 1/1000th of earth’s 
diameter, Had there been no air circulation most of the earth would 
have been either uninhabitably hot or similarly cold, The main 
driving force of circulation is the heating of air by land and water in 
the equatorial region, There, air continuosly rises and spreads out 

Density of atm. Sensitg of sea-level 
a't 169 108 167 90° 10° 10% 10° 107 10 


# 


Satellites 
(1957) 


lonosphere 


Altitude .km 


north and south in the upper troposphere, The air then cools and 
descends near the middle latitudes with considerable fluctuation and 
variation, A second circulation occurs beyond, in the higher latitudes 
and yet another at the poles, The rotation of the earth and variation 
of temperature due to myriad causes complicate these circulations 
very much, Intense investigations were carried out in 1979 on the 
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Indian Ocean to ascertain the origin and nature of the mysterious 
monsoons, the preserver and life-giver of our agricultur, These 
circulating winds carry energies beyond comprehension, At any 
moment the K.E. of all air currents moving over the earth is 
estimated to be equivalent to 7 million of Hiroshima nuclear bombs $ 
(=2x 10* tons of TNT each) ! „J 


IL6.6. Atmospheric pressure. The atmosphere is the only known 
example of a gas at rest in equilibrium under gravity, In considering 
the atmosphere, we shall here ignore the causes which make air 
masses move and take it to be atrest, Like a liquid at rest under 
gravity, the atmosphere exerts a hydrostatic pressure on all bodies 
immersed in it, This pressure is called the atmospheric pressure, 
It is equal to the weight of a column of air contained in an 
imaginary vertical cylinder of unit cross-section extending up to the top 
of the atmosphere. 

If at any place, His the height of such a cylinder, p the average 
density of air in the cylinder and g the acceleration due to gravity, 
then the atmospheric pressure P at the place is given by 

P=Hpg (11-6,6.1) 

P diminishes with height above the surface of the earth, 


Diverse experiments have been devised to demonstrate the 
existence of atmospheric pressure. Like liquid pressure, it acts in all 
directions normal to any surface with which it is in contact, If air 
exists on both the sides of a surface, there would be no resultant 
thrust on it they being equal and opposite on the two sides, So 
to demonstrate the existence of atmospheric pressure on a surface, 
air from its other surface has to be fully or partially removed, This 
can be easily done by a vacuum pump. 


A very simple experiment shows upward pressure of atmosphere. 
Filla sharp, even-edged glass tumbler to the brim with water and 
cover it with a cardboard so that no air exists above water, Now 
invert the tumbler and remove your palm from the cardboard. It 
will not fall off as atmospheric pressure acting upward will balance 
out the weight of water inside. To show the downward pressure 
cover a wide cylinder with a very thin tin plate and place it over 
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the receiver of a vacuum pump, As air is sucked out the: tin plate 
bucklés downwards, A glass plate there would be shattered, 


That sideways pressure of atmosphere also exists can be shown. 
( fig. 11-6.7(a) ) by taking a little water in a very thin tin gallon can with 
a stopper and boiling the water : 
vigorously till steam drives out 
air from inside; now it is 
stoppered tightly and allowed to 
cool ; steam condenses reducing 
the pressure within when the side 
walls of the can are found to 
cave in and crumple into a 
grotesque shape, The famous 
Magdeburg hemisphere experi- 
ment (1654) carried out by 
Guericke, the inventor of vacuum 
pump, demonstrated dramatically 
the force of atmospheric pressure, Fig, [1-6.7(a) 
Before a royal and Jarge gathering he put together a pair 
of smoothly fitting copper 
Ring hemispheres about 2 feet in 
diameter ( fig, I1-6,7(b) ) in an 
air-tight joint, Two teams of 
eight horses cach pulling from 
oO © opposite sides failed to part 
them when air had been 
pumped out from inside, 


heather 


FXG The force cementing the 
Eriauet 2 hemispheres amounted to 
Fig. 11-6.7(b) nearly three tons, 


Sipping up a drink through a straw or the action of a self-filling 
fountain pen are two of many interesting effects of atmospheric 
pressure, In the first case we diminish air pressure inside the straw 
and our mouth cavity by sucking when higher air pressure outside 
on the drink in the tumbler (fig. II-6.8) or bottle forces the liquid 
up. In the second case, by raising the lever we squeeze out air from 

10 
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within the rubber bag inside the pen. With lowering of the lever the 


Fig. 11-6.8 


bag regains its original volume but not 
the pressure. Atmospheric pressure on 
the ink in the ink-bottle forces some ink 
in the partially evacuated bag. 


B. Nature abhors vacuum had been 
taught by Aristotle and the above examples 
seemed to bear that out, But again 
Galileo cast å doubt on it when he found 
no suction pump could raise water from a 
deep well, water rising to about 28 feet 
and no more, He opined that apparently 
there is a limit to abhorrence of vacuum 
by Nature. Torricelli, a pupil of and 
successor to Galileo gave the correct 


explanation that the event was due to atmospheric pressure which can 
support a water column of at most 34 ft. high, Fig 11-69 shows 


an arrangement to proye it. Take a glass tube 
about a metre long and dip one end of it 
‘vertically in a large bowl of mercury 
_ (fig TE 6.9), Connect the other end of the tube 
-~ toian air pump through a piece of pressure 
tubing (ie., thick walked rubber tube), As 
‘the pump) sucks air out of the tube atmos- 
pheric, pressure, which is pressing on the 
surface of the mercury in the bowl, forces 
mercury up into the ube, If it is a good 
pump and you are not doing the experiment 
at a hill station you will find that the 
mercury rises to a height of about 30 inches 
and no more. Water under the same condition 
will rise to a height of about (30" x 13.6/12 or) 


Fig. 1149 


34 feet, The column of liquid is supported by atmospheric pressure. 


© &. ‘Torricelli’s experiment. Torricelli an Italian, was the first to 


Sonclude (1642) that it was atmospheric pressure which supported ` 


‘a’ column of; mercury in an, evacuated tube) He completely filled 


PNEUMATICS AND‘ATMOSPHERIC PRESSURE “147 


a tube about»a metre long with mercury and inverted it in a vessel 
of mercury (fig I1-6.10), The mercury in the tube came down to 


a height about 76 cm above the 
mercury in the vessel, It fell 
no further because, atmospheric 
‘pressure, pressing on the free 
surface of mercy in the. wider 
vessel, was able to sugport 
the weight of the column of 
mercury, The condition for 
the balance is 

Pressure exerted by the 
` atmosphere = Hydrostatic pressure 

« exerted by the column of liquid, 
_ both of them on the mercury in 
the bowl. 

To test Torricelli’s theory 
that the..mercury in the tube 
was supported by atmospheric 
pressure, Pascal had the experi- 


` 


Fig. Il-6.11 


La tn 
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à Fig. 11-6.10 
ment performed at a height of about 1700 m above sea level. If 


atmospheric pressure at a place is due to the weight of the air 
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above the place, the pressure should decrease as we go higher. The 
height of mercury supported in the tube should therefore be less 
the higher we go, Pascal found this to be true, The baromater read 
about 7.5 cm less, 

The space above the mercury column (in Torricelli’s experiment) 
is a vacuum since air has been excluded from the tube.» It is known 
as Torricellian vacuum, If the tube is gradually inclined, more 
mercury goes into it, but mercury in the tube remains at the same 

à vertical height above the mercury outside (fig. IT-6.11). If the 
tube is tilted enough to make the mercury strike the end of the 
tube, it does so with a sharp metallic click, showing that there is'no 
air inside it, 

If Torricelli’s experiment is done in an 
enclosure from which air is slowly taken 


would slowly fall and on readmitting air 
will as slowly rise, This confirms that 
air pressure supports the weight of the 
mercury column, 


The height to which the mercury rises 
is independent of the diameter of the tube 
Provided it is not very narrow. In very 
narrow tubes another effect, due to what 
is called surface tension, the height is 
slightly reduced, 


1-6.8. A. Measure of atmospheric 
Pressure. Atmospheric pressure is 
Measured by the height of the mercury 
column it can support, It varies with 
the height of a place above the sea-level. 
Even ata given place it varies slightly according to the weather 
Conditions, For convenience of reference a standard value of 
atmospheric pressure has been defined as follows : 


A pressure of one standard atmosphere is the hydrostatic pressure 


* There will, however, be a little mercury vapour in the space. 


out (fig 11-612) the mercury column“ 
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exerted by a column of mercury 76 cm high at 0°C, ‘45° latitude and 
mean sea-level.x* (Also see the portion marked ‘An indirect way of 
stating pressure’ under ;II-4,5). 


A pressure of one atmosphere may be expressed in other units 
as follows $ 
(1) 1 atmospheric pressure=hydrostatic pressure exerted by 
76 cm of mercury =76 x 13.6= 1034 g-wt per cm* 
= 1034 x 980 = 1,013 x 108 dyn/2m® [ TI-4.5] 


(2) Ifwe take the atmospheric pressure to equal 30 inches of 
mercury, which is the value we accept while using the British system 
of units, we shall have 


Pressure of 1 atmosphere =hydrostatic pressure due to 30 inches 
13.6 x 62.4 ib-wt. 

12x 12x 12 in 
= 14,7 lb-wt per sq inch, 


of mercury = 30 in x 


The definition of the standard atmosp’ere has since been changed, 
Now 1 standard atmosphere = 1013250 dyn/cm?, This value closely 
approximates the above definition, but is more precise, 

Problem. Express in atmospheres the pressure at a depth of 300 


feet of water, given that the density of water is 62,4 1b per cubic foot, 
and that\a pressure of one atmosphere equals 14,7 lb per square inch, 


[ Ans, 8.8 ] 


B The millibar. Meteorlogists usually express atmospheric 
pressure in millibars, As one millibar is equal to a pressure of 
1000 dynes per sq. cm, a pressure of one atmosphere is equal to 1013 
millibars (ie, 1.013 bars). Study the Weather maps daily published 
by the Statesman and you will see the isobars (same pressure lines) 
marked out in millibars, Baros in Greek means heavy. 


The mm Hg or torr. When pressure is expressed in millimetres 
of mercury we write mmHg or torr as the unit of pressure, One 


** Mean sea-level is defined by an Act of the British Parliament as the half- 
way level between the average high and low tides at Newlyn in Cornwall. 
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atmosphere is a pressure of 760 mmHg. The word torr has-been 
framed to honour Torricelli, A 


C. Height of the water barometer, The hydrostatic pressure 

due to 30 inches of mercury is equal to the pressure of 30x 13.6 
inches i.e, about 34 feet of water. Atmospheric pressure can therefore 
support a column of water 34 ft high, This is known as the height 

of the water barometer. In, metres, the height of a water barometer 

is 0.76 136=10,34. But if you really construct a water barometer 
whose top is closed, you cannot get the water rise to 10,34 m, In 

. the closed space above the water, thére will be water vapour which 
will press down on the water with a pressure dependent on tempera- 

» ture (about 3,2 cm of mercury around 30°C), 


In the Kensington Museum London, there is a glycerine 

barometer. As density of glycerine is 1.26 g/cc, the height of this 

barometer would come out to be 76x 13,6/1,25 or nearly 8,2 m or 

_ 26.9 ft, Pascal used a barometer with red wine ina glass tube about 
46 ft high, Thus any liquid may be used in a barometer, 


; D. Requisites of a suitable Barometric liquid : (1) The height j 
Should be convenient to handle. Obviously mercury is most suitable 
for the height is 0.76 m whereas water and glycerine soars to beyond 


10 m and 8 m respectively, This is brought about by the high density 
of mercury, i 


(2) The liquid should have very low vapour density : i.e, it should 
be non-volatile with high boiling point. Mercury fulfills this condition 


the best, The respective boiling points of the three liquids are 357°C. 
100°C and 290°C, 


(3) The liquid should be easily visible. Opaque but shining 
mercury is better than the other two colourless liquids, 

(4) The liquid should be pure so that changes in density and other 
physical conditions should be accurately known, Mercury can be 
obtained yery pure but not so the others, 

(5) The liquid, height should change sufficiently for a small 
change in pressure so as to be more sensitive, Mercury.-being the 


r 


__= 0.091293 g/cm” we shall have 


` metres (i.e. 5 miles) less than the height of Mt, 


would extend to this height if the density of 


` column of liquid the measurement of atmos- 
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heaviest is ata disadvantage here but use of suitable vernier scales ~ 
has removed this shortcoming. 

E. Height of the homogeneous atmosphere The height ofa 
column of air at $. T. P, which would exert the same pressure 
as the standard atmosphere is known as the i 
height of the homogeneous atmosphere, If 
h cm is this height, the weight of a column 
of air at S, T, P, and of height A and cross 
section unity should be equal to the weight 
of a 76 cm tall column of mercury of unit 
cross-section, Since density of air at S.T.P, 


hx 0,001203 = 76 x 13.6 whence h=8 kilo- 
Everest (8.8 km or 5}miles), The atmosphere 


air remained as at S, T, P- throughout this 
height ; but it does not for air thins out as we 
„80 up, as pressure falls off very rapidly, so 

* does the temperature, 


-11-6.9. The Barometer. A barometer is a 
device for measuring atmospheric pressure, 
Since atmospheric pressure can support & 


pheric pressure consists in measuring the height 
ofa liquid column it supports, The liquid 
chosen is mercury, The advantages of doing 
so have been detailed above, 


A. rtin’s barometer. The most reliable 
barometer is the one devised by Fortin, It 
acts on the principle of Torricelli’s experiment, 
In fig, II-6,13(a), C is a mercury cistern in 
communication with the atmosphere, over 
which a glass tube A is inverted. The two 
are enclosed in a metal gd B on which a scale § is etched, - 


Fig, TI-613\a) 


Bä 
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{There is also a vernier V which can slide in a slot made in 


‘Fig, T1-6.13(b) 


the metal tube. The tube is so 
slotted as to make cnly the top 
of the mercury columa visible, The 
zero of the scale starts from the 
tip of an ivory pointer F which 
projects downwards from the ceiling 
of the cistern, The lower part 
of the instrument is shown magnified 
in fig. H-6.13.(b) The surface of 
the mercury in the cistern can be 
adjusted by the screw E so that the 


‘tip of the ivory pointer F just touches it 
The botiom of the cistern is made of leather, 


through the pores of which air presses the 
mercury upwards in C. 

The scale reading corresponding to the top 
of the mercury column gives the value of 
atmospheric’ pressure at the moment in terms 
of the height of the column, 

B. Siphon barometer. Itis very’ simple 
in construction and is portable, but it. is 
not so reliable as Fortin’s. It is (fig, TI-6,14) 
a U-tube with one arm about 90 cm long with 
the upper end closed, The other arm is short 
and open to the atmosphere, The «ube is set 
up on a wooden board fitted with a scale, The 
difference of the mercury levels in the two 
arms gives the barometric height, which can 
beread off from the scale, Unless very carefully 
constructed a siphon barometer may haye 
traces of air and water vapour in its Torricellian 
space, They lower the reading, 

Weather glass or household barometer is 
a siphon barometer carrying a dial graduated 
for pressure in inches and marked as “stormy”, 

“rainy”, “variable” and “fair”, 


wat 


Fig, II-6.14 
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C. Aneroid barometer. This type does not require any liquid 
for its working  (‘aneroid? 
means without liquid) and has 
the great advantage of rugged- 
ness and portability, It consists 
of a partially evacuated metal 
box (B: fig. 11-615) with 
a fiexible corrugated top, A 
box of this type will collapse 
under pressure of air, This is 
prevented by a stiff steel spring 
S which pulls the top upwards, Fig. 11-6.15 

The free end of the spring S is connected to a lever L which has 
its fulcrum at F. The other end of L is connected to a small chain - 
C which is wrapped round a spindle D carrying a pointer P which 
moves over a dial, The movement of the corrugated top due to 
changes in the atmospheric pressure is magnified by the lever L and 
transmitted to the pointer The dial of an aneroid barometer is 
calibrated by comparison with a standa:d mercury barometer, 


Barograph. It isa modified aneroid barometer which is self- 
recording It carries a pen attached to the end of a long lever that 
takes the place of the pointer, A continuous record is drawn on a 
piece of squared paper wound on a uniformly rotating cylinder driven 
by clockwork, From this we can objain a continuous record of 
changing pressure throughout a day. i 


1-610 Corrections to Barometer Readings. To convert the 
readings taken by a faultless Fortin’s barometer, corrections have to be _ 
applied for the temperature and the locale, They are as follows— 

(a) Temperature correction: Rise in temperature expands the 
metal scale and lowers the density of mercury, The observed height 
appears less due to the former and move due to the latter, They 
will be discussed in Expansion of Liquids under HEAT, 

(b) Correction for Height: As pressure depends on g which 
diminishes with height and Standard Pressure refers to Sea-Leyel, the 
barometer reading is to be corrected by reducing the'value to the 
sea-level, 
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(c) Latitude-correction : Since again g varies with Jatitude and 
pressure with g and Standard Pressure involves 45° latitade, correction 
for latitude is necessary.. 

The mercury height (H reduced to sea-level at 45° latitude is 
given by 

H=h(1—0.000257 cos 2) — 1.961 x 10-°) 
where h is the observed height reduced to 0°C, ) is the latitude of the 
place and / the height of the place in cm above sea-level, This height 
represents the length of ihe mercury column which would be suppor- 
ted by the existing atmosplieric pressure at 0°C and at sea-level and 
_ 45° latitude, As you may realise that except for needs of very 
“accurate reading, the above corrections may be totally ignored, 


Faulty barometer: It gives a reading less than it should, That 
happenes when the Torricellian vacuum contains air or moisture, 
With change in temperature the intruder gas changes volume and 
pressure introducing variability in the barometer readings. To test 
whether there is air above mercury the barometer tube should be 

tilted ; ifair or moisture happens to be there mercury will never reach 
the top whatever be the tilt. If no air be there mercury will hit the 
top on sufficient tilting with a metallic click, 


The faulty reading can be corrected by utilising Boyle’s law for 
the air trapped in the Torricellian vacuum, 


Ex. 1165 A faulty barometer reads 28" and 30" when a true 
barometer reads 28,5 and 31 inches respectivelp. Find the true 
reading when the faulty bcrometer reads 29", [ Hi S. 1981 } 


Solution: Let the Torricellian space measure į" when the faulty 
barometer reads 28”, If s be-the area of cross-section of the tube 
» then the air occupies a volume of Is. The pressure exerted by the 
trapped air must be (28,5" — 28”) i.e. 0.5" of Hg 
Again when the faulty barometer reads 30” the air column is 
(= 2)" long and exerts a pressure of (31”— 30") or 1”, Hence by 
Boye’s law we have 
0.5xls=1x(l—2)s <, J=4n, 

Finally when the faulty barometer reads 29”, ihe air column would 
be (J— 1)" =(4"— 1") = 3”. If the required pressure is H inches of Hg 
we have ¢ 

(H-29) x3 xs=0 5xIxs 
or (H-29)x3=0.5 x4 
or H=292". j 
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Il-6.11: Change of pressure with height. At sea-level the 
atmospheric pressure changes approximately by 1 mm of mercury for 
every 11 metre increase of height or 0,1 inch per 90 ft of ascent, 
The difference of pressure between the two levels is equal to the 
weight, of a column of air of unit cross-section and height equal to 
the difference in the leyels, Thus with a barometer you may measure 
the height of a hill, 

Let two stations be at an altitude difference of H cms from each 
other where the barometer readings are hk, and h, cm of mercury,” 
Then H cms of air column exerts a pressure equal to (hg—h,) cm of 
Hg.If p and p be the average densities of air and mercury between 
the two stations then 

Hog=(h,—h,) P g of H=(hg—h,) pjpcm  (I1-6.11,1) 

With this formula the heights of a building ora hill can be 
easily determined. But the value is not very accurate. (Why not ?) 

‘Altimeters Since the atmospheric pressure diminishes as we go. 
up to higher altitudes, the barometer may be conveniently used to 
determine elevation as indicated above. Altimeters are simply aneroid 
barometers with an altitude scale attached They are very handy and 
may be small enough to be carried in a pocket. Others may be 
sensitive enough to indicate a change in elevation of only 1m. 

Ex. II-6.6 The atmospheric pressure at the ground floor af-a 
building is 76°85 cm of mercury and that on the top of the same 
building, 7563 cm If the average density of air outside is 0:00125 
gicm®, how tall is the building ? i 

Solutions The differeace of pressure (0'22 cm, of mercury) is 
due to the weight of a column of air of height (A) equal to that of | 
the building and of cross-section 1 cm”. “as 

0:22 x 13°6=h x 0 00125 whence h = 23:9. metres, 


Ex 16.7 The atmospheric pressure at the top of a mountain is. 
4.5 inches of mercury ‘less than the value at the base. If the mean 
density of air is 0 075 lb/ft, find its height. 


Solution: Let h be the required height in feet, Then the 
pressure due to a column of air h ft in height and of density 0'075- 
1b/ft® is equal to 4 5 in of mercury. 

Rx '075X g=(4°5/12)x 136 x 62:5xg, since the specific 
gravity of mercury is 13°6 and 1 cu, ft of water weighs 62:5 Ib, 

ae any pat 2X3 6 x 62'5 4249 ft, 


12 x9'075 
> 


156 PROPERTIES OF MATTER ` 


Ex. 116.8. Barometer readings at the roof and basement of a 
high-rise building are 76 and 75 cm of Hg. Use Avogadro. hypothesis 
to find the average densily of air and the height of the building. Take 
the temp. of air as 0°C and density of mercury as 13.7 g/cc. 

[LE E 778] 

Solution; We take a mole of air, Air is 4 parts of N, and 1 
part of O, and their gm, molecular weights are 28 g and 32 g 
respectively, So a mole of air would contain 22.4 g of N, (28 xg) and 
64g of O, so that 1 mole of air weighs 28.8 g Now the average 
pressure of air along the building would be 75°5 cm, of Hg. Let 
the yolumes of a mole of air at pressures P, and Pbe V, and V. 
Since temp, remains at 0°C we have by Boyle’s law PV=P)Vo 
or V=PoV,/P. Now P, is 76 cm of Hg and by Avogadro 
hypothesis V,=22°4 litres. Hence 

V=(716 x 22:4 x 10°/75,5)cc. and the average density of air at 0°C 
: __M 28:8x 75:5 
iS) Pgs = “Vie XO? 04 i. 

myx YO FAON 

If the height of the building be H then i 

Pressure at basement =Pressure at top+Pressure due to H cm. 
of air 

i-th J Saeko xg=75x 13-7x +4 Hog 


to HS igy o= OM. = 1065 m. 


Check up the result with the rule of thumb indicated above that 
for each 11 m rise pressure decreases by 1 mm, 


16.12. *Pressure law of Atmospheres : 
The following table shows how air pressure diminishes with height, 
Height in miles : 
above Sea Level g | a | 2 | 10 | i | oy 
Air Press, in 
mm of Hg (torr) 


760 | 380 


270 | 16 24 7 


Noite how fast the pressure falls at a height beyond 5 miles, This 
fall can be deduced from the so-called pressure law of atmospheres 
which can be established if we assume Boyle’s law -to hold ie. temp 
throughout remains constant and so does g. [As we know, none do]. 
From Boyle’s law we find that pressure of a gas varies directly with 
density, Now since 


p=hpg we shall have 2- -pg 


Z For mote inquisitive students. 
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—ve sign indicating fall of pressure with increase in height. From 
Boyle’s law (//Po)=(p/po) where po and Po are air ch eee and 
density at the sea-level, 


Air 


SP = og>-opye™ 


106 6 4 2 0 2 4 6 6 10 12 14 16 18 20 22 24 26 28 30 


Depth, km Sea Altitude, km 
level 


Fig. II-6.16 ie 
'. dpldh=—gPo(plpo) Or (dp/p)=— 8P 
h 


P 
or ffa -i Pe fah or In p/po= —8Po h= -«h 
P Po Po 
Po 0 
where «(= gpo/po) is a constant=0,116/km 
P=P.e™ (U1-6,12.1) 

The adjoining graph (fig. II-6.16, shows this variation of air — 
pressure with height to the right; and to the left is shown the 
variation of pressure with depth under water where p does not 
change. Hence the former is an exponential decay curve, while the 
latter is a rising straight line curve, 

II-6 12 Weather Forcasting. 

Mean atmospheric pressure at a station depends on the altitude 
above sea-level, latitude and the prevailing temperature there, Again 
moisture-content lowers the density of air and hence the atmospheric 
pressure, Rise in temperature similarly lowers the density and hence 
the pressure, Thus the weather conditions at a place at a given time 
governs the atmospheric pressure, 
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So it is possible to make a rough and short-range forecast by 
observing barometric changes at a given place. If a barometric 
height falls rapidly a storm and possibly rain can be expected for 
air would rush in to fill up the partial vacuum, A steady rise of 
_ mercury in the barometer indicates replacement of water vapour by 
dry air and hence a clear dry weather. Rain is possible when the 
barometer slowly falls, Remember, this forecast is only tentative, for 
there are many unknown long-term and short-term variables in 
weather conditions, 


Uses of a Barometer; They are three fold — measurement of air 
pressure ata given place, finding its altitude above sea-level and 
roughly forecasting the weather there. 


apai 
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SOME HYDROSTATIC AND 
PNEUMATIC APPLIANCES 


II-7.0. Material 

We shali here discuss the action of some simple machines that 
depend upon the properties of liquids or gases at rest. The hydro- 
static appliances 30 be discussed are 

(i) siphon and some of its adaptations, and 

(ii) some varieties of water pumps 

while the pneumatic appliances that will be considered are 

(i) simple air pumps and 

(ii) the diving bell including caissons 

Il-7.1. Siphon. A siphon is a simple device for transferring a 
liquid from one vessel to another at a lower 
level withont tilting the vessel, When it is 
not possible or convenient to lift a vessel of 
liquid, such as a petrol tank, to empty it, we 
often use a siphon, We also use it to draw 
off the upper layers of a liquid without dis- 
turbing the lower layers, 

A. Description. In its simplest form a 
siphon (fig. H-7.1) consists of an inverted 
U-tube’ of unequal limbs, completely filled with 
liquid. The shorter limb dips into the liquid 
to be transferred; the longer limb leads 
outside and extends below the level of the 
liquid to be drained out. 

B. Action of the siphon may be understood as follows : since the 
siphon tube is full of liquid, the liquid must flow through the tube if 
the force pushing on the liquid at one end of the tube is greater than 


‘that at the other end. In fig 11-7.1 the upward pressure P, at A, a 


point inside the tube at the same level as the liquid outside, is cual 
to the atmospheric pressure Py minus the downward pressure due) to 
thecolumn of liquid DA: If DA=h, and density of the liquid in the 


a 
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siphon is p, then we have P, = Po—h,Pg. The upward pressure Pa 
at a similar point B inside the tube at the lower end is Ps = Po— hPg, 
when h,=BE, Hence the pressure at A is greater than the pressure at 
B by on amount equal to 
i P, — Ps =(Po—h.P8)— (Po —haP8)= (ha — h,)P8. 

This is the pressure due to the liquid column FB=EB- DA, 
which moves the liquid from the shorter to the longer tube, 

Note that the rate of flow of liquid depends on the pressure differ- 
ence between D and E which is 

(Po — hs Pg) — (Po —h, Pg) = (ha — h, P8 
‘So the rate of flow is independent of the air pressure, 


C. Conditions of working. The siphon will cease to act 

(i) when the liquid is at the same level in the two. vessels, for 
then FB=0 and the forces acting at ihe two ends of the siphon are 
equal and oppcsite. 

(ii) when EB=AD or EB<AD for there will not be pressure 
enough to push the liquid out, 

(iii) ‘the liquid is water it will also cease to act if the bend C is 
more than 34 ft above the surface of water in the higher vessel, for 
then the atmospheric pressure will be unable to lift the water up to the \ 
bend C., For any liquid whatsoever it will not work if AD> the 
height of that liquid barometea. 

(iy) A siphon will not work in vaccum, for it is the atmospheric 
pressure which pushes ihe liquid through, 

What happenes if a hole is made on any arm of a siphon ? If itjis 
at A or anywhere on the shorter arm the siphoning ceases ; for 
pressure inside equals that outside, But it does not stop once started, 
if the longer arm springs a leak, 

D. A discussion: Experiments haye shown however that 

(i) siphons do work in vacuum and in certain cases (ii) it can, work 
with the shorter arm longer than the corresponding liquid barometer 
height i.e, atmospheric pressure is not a must for a siphon to work, 
Modern explanation maintains that after the siphon has started 
working the greater weight of the liquid column in EB pulls up the 
liquid in AB, This pull acts because of the cohe:ive force .of 
liquid molecules, It is like this that, if a longer part of a heavy chain 
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passing overia pulley is given a gentle tug and, then released, the 
weight of this longer part pulls‘up the shorter part dangling on the 
other side of the pulley, ; i 

Remember however, the liquid in the siphon needs to be pure for 
its working in vacuum, Impurities ‘or “dissolved gases lower the 
cohension between molecules and bubbles form, Then atmospheric 
pressure becomes essential to compress the bubbles and: prevent 
disruption of the liquid column, 


Example Il-7.1. A siphon tube has an internal radius of 3) Ja 
inches and its two arms are 14° and 20’ long. ` The shorter arm dips 6" 
inside a liquid. Find the amount of liquid discharged per sec. 
(g =32ft/s*) [J. E E. 72] 

Solution: The flow depends on (h, —h,) the difference in height, 
As the liquid flows continuously and starts coming down from D it 
has no imtial downward velocity, Hence the velocity i.e, time rate 
of flow, will be t 


v= Jigi, hy) = J2x 3420 = 014" = O12] 

= J64% 1212y = 8ft/s 

Volume-of liquid discharged per sec`is 

= Rate of flow x area of cross-section 
= 8ft/s xm x (3/m)* x (da) sq ft 8 x Pq cu ft/s=0'5 cu fs 

Ex. -7.2. Kerosene of sp. gr. 0'8 is to be transferred from a tank 

30 m deep by siphoning in to another vessel. The smaller arm reaches 
the bottom of the tank. After some time siphoning stops though 
kerosene still, remains. . Why ? Find the level of kerosene left in the 
tank. [ The barometric height is 11 m of water column’, 
4 i Te j g >f d 


Solution : Height of kerosene barometer hm OCAT 1975 om, 


£1375 m. So Kerosene ‘can be raised by atmospheric pressure 
thus far and no“further, Hence the flow of kerosene stops when the 
‘amount to a depth of 13:75rm has been discharged, 

The depth of kerosene left is therefore 30— 13°75 = 16°25 .m, 


Ex I-78, A. cylinder Lim-long and area of cross-section 30 sq. 
em has mercury up to 85 cm of it. What volume of mercury can be 
siphoned out ? { P,=750 mm of Hg } 

Solution: The,mercury leyel in the tube must) fall:75 cm below 
the edge of the container for the siphoning to stop, ie, it must fall 
through’60 cm? so' that from the top’of the vessel to the surface of 
mercury it maybe 75 cm, So the volume siphoned out= 60 em x 30 
sq. cm, = 1-8 litres, "i 

l1 
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Problem = 


obstacle. Find ximu 
siphoning would be possible if 


E. Applications of Siphon : 


convert a continuous stream, of water into an intermitteni 
be illustrated by a toy called the Tantalus’ cup 


The principle may 
(fig, II-7.2a) where a hidden siphon 
-vessel from rising beyon 
When water is poured slowly int 


(a) a 


level in it slowly rises. until it reaches the top bend of the siphon when 
it starts functioning, Water flushes out quickly and if the rate of 


water supply is less, the water level 


Fig. 11-73 
level and causes the cap B to turn sound. the fulcrum and close ti 


outlet, ‘The water is discharged, 


outlet and the whole cycle is repeated. 


You are to siphon gaso 
the maximum heigh 
barome 


Another use. of the siphon is to 


da certain height, the lip of the figure, 
o the vessel (fig. TI-7.2b) the water 


Fig. 11-7,2 
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lene (P=0'7 g/cc) over an 
t of the obstacle over which 


tric height is 76 cm of Hy. 
[Ans 14-77 m] © 


t stream, 


prevents the level of water ina 


falls below the shorter arm,» The 
vessel then refills and starts the 
siphon action again. ts 
This is utilised for (i) was 
troughs in use for photographic 
plates and automatic’ flushing 
systems used in public lavatories 
(fig. 1-7.3), A float (not show 
in the figure) rises with the wat 


the float goes down re-opening tA% 
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1-7.2 Water pumps. Water pumps are devices for rising water 
from a lower to a higher level, Since liquids have a natural tendency 
toflow from a higher to a lower level, the lifting is possible only at 
the expense of energy supplied from, outside, 


Similarity of the pumps. Though there are different types of 

pumps, they have some similarities in construction and action : $ 

»(a) Each. type has) valves) which -allow flow of water in one 
direction only. The difference between the types lies mainly in the 
position of the valves, 

(b) In the first stage of action, each pump sucks up water by the 
vacuum it creates, Atmospheric pressure forces the water up into this 
vacuum, Hence none of these pumps can work if the level of water 
below the pump is greater than the height of the water barometer 
(34 ft), In practice, however, due to leakage and to vapour pressure 
such pumps would not work if the height is greater than 30 ft or so, 

A. Common or suction pump. The construction and action 
of the pump will be clear from Fig II-7.4, A piston B, witha 
valve C in its head, fits airtight into the cylinder A, The valve C 
opens upward and so allows flow only in the 
upward. direction’ through the piston, ~ From 
the! bottom. of: the» cylinder a pipe goes down 
into the reservoir from which water is to be 
pumped up, At the junction of the pipe'and 
the cylinder|there is anothervalue D which 
also opens upwards, 

Suppose the piston occupies the lowermost 
position at the start,» During the upstroke, a 
partial vacuum) is created in A between the 
piston-head and the, valve D. The higher 
pressure: from below lifts the valve:D and air 
from inside the pipe enters the cylinder. As 
a result a partial vacuum is. created in, the Fig, II-7.4 
pipe-also, 

Atmospheric pressure now forces some water up the pipe, As the 
pump is gradually worked water rises more and more into the pipe 
and ultimately enters the cylinder, In this condition’each downstroke 
will cause some water to pass through’C and collect above the. piston 
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head, During the next upstroke this water will flow out through the 
spout, while: more water will flowin from the pipe’ into the cylinder, 
This intermittent out-flow of water at/each upstroke will contintie'so 
long as the pump is worked, This pump-is widely used in tubewells: 
Priming: The valve C is generally not air-tight,!particulanly when 
the pump’ has been in-use for some time, Asa result the degreeof 7 
vacuum within the cylinder‘is not sufficient’ to make the valve D' open, 
To avoid this difficulty a ‘part ofthe cylinder above Cis filled: with i 
water from outside to make the valve C airtight, Suctiomis now 
‘effected-easily,: ‘This operation is: called ‘priming’. (i 
‘Rx. I7 4: A pump has a diameter of L foot, stroke of 2 feet and 
worked at 20 sttokes a minute. How much whiter it discharges “per 
minute % ! 1g od 
Solurion’s Vol of the barrel BEG 22157 cute, om 
Tn a single ‘acting pump, ‘only ‘the aipstroke being effective, here 
swe have only 10 such, So volume,of, discharge =)15:7 cu-ft 


and’ ‘mass of discharge = 157i cusfex 625 a =98131b; 


f 


B. |The lift» pump. A suction: pump,\as desctibed’ above, cannot 
raise water to more than 30 ft:or so for easons 
stated earlier, “Tollift water to greater heights 
a lift pump may- ber used) » The mechanism 
will be cledr fromfig 11:7.5,  Incplace of the 
spout, ‘a delivery: ‘tube F iswattached tothe 
cylinder, At the junction)there isa valve E 
which opens in the direction’ of» flow The 
othér valves Cand D'àre in’ the'same position — 
as in‘a’suction pump, »The'principle of saction 
is-as im the suction’ pump, | When the» cylinder 
is filled with water, every*upstroke forces some 
water into Fethrough’Z, The'water:gradually 
fises’ into“ and “is ‘delivered vat the desired: 
height, Note that here also atmospheric 
pressure forces the “water from the reservoir 


Fig, II-7.5 


oe There is no uniformity in the ute'of the word “lift” pump. Some auth 
use it to mean the ‘common pump Uescribéd above, ‘Some’ use it to mean “pumps’ 
which’ can lift water to‘heights above the height of the water barometers w 
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into the \eylinder of the pump; Hence: the levelvofj water in the 
reservoir below the level of the pump ‘should not exceed about 30 ft; 
Extra energy ds needed at each upstroke:to push the water’ into’ the 
pipe F.against the hydrostatic een of, the liquid column hey | 
gradually in F. 

The valve Bimay:also\ be placed near the jolia end of the wylingey } 
In that case, water is forced up F during the down’stroke of 'the'piston, 

©. The force pump, The force, pump (Ñg, 1-7.6) cansalso raise 
water to heights greater than, 30 ft, .But here 
the, piston is,a,solid rod, and, the delivery, pipe, 
His connected at the -bottom of the cylinder 
through a valve G> which opens only: in the 
direction’ ‘of flow, | The valve.) ‘remains! 
unaltered in position, Its) action is also the 1% 
same asin the’ suction pump, During the ` 
upstroke the ‘valve D optnes ‘to let in water 
into the cylinder, the valve G remaining 
closed; “It isthe “downstroke which forces 
water into A through G. | It is subject to the 
same’ limitations as” the force and the suction 


pumps, 


Fig. 11-76 
The continuous action force pump. By 
“adding an air-chamber (J, Fig, II-7.7) to the 
force pump, the outflow of water may be made 
< continuous, The action of the pump keeps 
the air in J compressed, The compressed air 
forces the water up the delivery tube K and 
_ maintains a continuous outflow. 

Fire engine. The fire engine has two force 
pumps connected to a common air chamber, 
The handles of the pumps are so arranged 
that while one-descendsthe.other ascends, 

t This makes the delivery, of water still more 

Fig, 1147.7 regular, Such pumps are used for spraying 

water on fires and are miscalled fire-engines. 
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1-7.3 Air pumps. Air pumps are used to pump air out of a vessel 
or into a vessel. When used to pump air out of a vessel, an air 
pump is generally-calledja vacuum pump. A pump that forces air into 
a vessel is generally called a compression pump 0t air compressor. 

Vacuum pumps. Though there are various forms of vacuum 
pumps, we shall consider first the piston pump, commonly used in. 
beginners’ laboratories. 


A The piston pump A simple piston’ pump’ is illustrated im 
fig, 1I-7.8. It consists of a metal cylinder A fitted with an airtight 
piston B which has a light valve C ‘on it opening outwards, A is 
connected through the tube Æ to the vessel G to be evacuated, Another 
light valye D, which opens into the cylinder, closes the mouth of the’ 
tube Æ. It will be clear that the arrangement of valves is the same 
as in asuction water pump. The valves C and D are however much 
lighter than in the suction pump, and open or close with a very small 
difference of pressure between the two sides, To make good seals, 
there are layers of oil on C and D. 


The action is the sameas that of a suction pump; When the 
piston rises, the volume of the air below B increases and. its : pressure 
falls, The valve C closes due to the pressure above it being greater 
than that below. As the pressure in A is less than atmospheric, the 
air in G forces the valve 
D open and some air 
from G enters A, When 
the piston descends, air 
in A is compressed. This 
increased pressure in 
A closes D, When pre- 
ssure in A rises above 
atmospheric, the valve C 
opens and air from 4 
passes out. Thus at each 
upstroke some air from 
Fig 1-78 5 G enters A, and during 
each downstroke it leaves 


A. The vessel G is thus exhausted of air, 
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The action of the pump ceases when the pressure in G fails to lift 
the valve D, The valve is generally made of oiled silk, The pressure 
in G may thus be reduced to about 1 or 2 torr by this pump. 

Pressure and Density of Air in @. To find these after a given 
number of strokes in a single barrel air pump, let 

V= volume of the vessel to be exhausted 

v= »  » » cylinder between extreme positions of the piston 

Po=initial air pressure in G. 

On’ the first upward stroke, the air volume of air rises from V to 
V-4y while the pressure falls from Po to P, which can be found: from 
Boyle’s law. Thus 

P\(V$9)=PoV or Py =PoV/.V+9) 

On the second upward stroke air volume V at pressure P, increases 

to V-+y again and the pressure falls to P, where 
i P, V+) =P, V 


o Ringte 


Arguing similarly, after n strokes upwards, the pressure P, is 


SA y 11-7,3.1 

Palys) Po wna.) 

_ Again if po be the initial density of air in G and P, the final one, 
Pw Pe ts Taw) [igh | k 
FE By ayia 3 Law) (r=) (H-7:3:2) 


Ex 17.5. An exhaust pump hasa volume of 100 ce and the 
volume.of the receiver is 500 ce. Uf the initial air pressure in the 
receiver is 76 cm of Hg what it will be after 10 strokes ? [J E.B778) 


16 10 
Solution t Pio Palot) =16.(209) = 12,27, om of Hg 


Note: The receiver can never be completely evacuated however 
high the value of n i, e. the number of strokes be, for (V/.V-+¥)," can 
never be zero, Also density cannot be zero i. e. there must be some 
air molecules always left inside the barrel, fewer after every stroke 
however, 


Problem. If the pressure in a pump were reduced to 1/3rd of the 
atmospheric pressure in 4 strokes to what would be reduced in 


6 strokes? ( Ans. 1/3 J3 ) [ Pat. U. J 
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B: Rotary pump. This pumpis- a modern device, very rapid in 
action, and produces vacum as high as 10-* torr/or/ even better, Itis 
largely used:for laboratory, and:industriat work, 


Construction Fig, T1-7,9 représents"diagrammatically'a rotary 
pump. Ais a holliw 
steel cylinder inside wiiich 
another cylinder B (called 
the -rofor) can rotate 
eccenirically touching the 
casing A.(called the stator) 
as it rotates. C and D 
aren two. openings in A 
through which air enters 
and leayes it, The vessel 

_ to be, exhausted is connec- 
ted with the pump 
through» C° by a thick 
rubber tube, Air from 

a this vessel can enter A 

Fig. I-79 througitC, The outlet 

; opeaing D can be closed 

by a valve E operated by a spring. If the pressure in “A exceeds a 

certain ‘value, E opens and the air escapes through D,° ‘Steel vanes F,, 

F,, separated by a spring press against the casing A. ‘They lie in slots 

cut) at’ the-opposite ends'of adiameter of the cylinder B. ‘Ihe place 

of contact between A and B completely cuts ‘off connection between 
the parts C and D, he 

Action’? ‘ The. eccentric cylinder: B is rotated by an electric motor 

coupled to its shaft, Let it turn anticlockwise, As F, crosses C, 

the region behind it increases in volume aiid-air from the vessel to be 

exhausted enters through C into this region, At the same time air in 
the regionin front of #, is compressed until the valve E opens... This 
air then passes out through D, When F, passes C, a new volume of 
air is,drawain behind it. The air in front of F, is compressed and 
expelled, vlosta'f iG 
The’ entire system is kept immersed in oil, Tiis prevents the 
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leakage of air into A.. When the pump is. shut down it should be 
disconnected from the vessel to be evacuated. Otherwise, atmospheric 
pressure will slowly force the oil into A through the. minute clearances 
between the casing and B as well as the vanes, This oil may eyen be 
forced into the evacuated chamber. In som2 designs, a reservoir is 
placed within the pump between C and the vessel. It accomodates 
the oil so pushed in, 

Well!-constructed rotary pumps can produce vacua of the order 
of 0:001 torr or mm Hg (1 torr is the unit of pressure used in vacuum: 
practice), 1 torr= 1333 dyn/cm?, 

High vacuum pumps called diffusion pumps can ordinarily attain 
vacua of the order of 10-5 to 10-® torr, With special care they can 
reach 10-8 torr, “They are much in demand for producing vacua in 
filament bulbs, X-ray, electronic and discharge tubes and many others. 

IL-7 4. Pressure gauges. While the barometer is used for 
measuring the pressure of the atmosphere, pressure gauges (or 
muanomerers) ate used for measuring the’ pressure oftgases confined in 
vessels, We have alrady considered the open-tube manometer, and; 
will'discuss the Bourdon gauge for measuring pressure. 

Bourdon gauge (fig. If-7.10). It can be adapted to measure 
pressures above or below atmospheric pressure, and is suitable for 


b 
” Fig. 11-7.10 $ 


many. purposes,such as. measuring the steam pressure inside the boiler 
of a steam engine or the pressure of compressed air in a cylinder, 
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The gauge consists of a bronze tube of elliptical cross-section, ‘bent 
intoa nearly complete ring and closed at one end (fig. II-7,10). The 
open end of the tube is connected with the chamber in which the gas 
pressure is to be measured, The closed end is connected by levers 
and a curved rack and pinion to a pointer [fig.(b)] which moves over 
a graduated scale. As the pressure in the flat tube increases, it tends 
to straighten cut. This moves the pointer over the scale which is 
generally graduated in pounds/in?, and reads zero at one atmosphere 
pressure, A pressure of 10 lb, by the gauge is, therefore, a pressure 
of 10 Ib. per sq. in, above one atmosphere. 

In Bourdon gauges meant for measuring pressures less than one 
atmosphere, the scale is marked from 0 to 30 (fig, II-7.10a) The 
graduations are in inches of mercury. A reading of 30 would mean 
anearly perfect vacuum, A reading of 10 woulé mean that 10/30 
ie brd of the air has been removed, 


is represented in fig, IJ-7,11, The piston B moving in a cylinder has 
a valve C which opens inward, The vessel G into 
which air has to be pumped is connected by a tube 
with a nozzle attached to the cylinder, Between the 
nozzle and the cylinder lies the valve D which opens 
towards G. 


) 1L-7.5. Compression pump. A simple form of compression pump 


Action. Suppose G and A contain air at atmos- 
pheric pressure. When the piston is drawn upward 
the pressure of air between C and D is reduced, The 
valye C opens and atmospheric pressure pushes some 
air into the space between C and D, During the 
down stroke, known as the compression stroke, air 
between C and D is compressed, The valye D opens 
and allows some air to enter G. Thus some air 
enters the cylinder at each suction stroke, and is 

Fig 1I-7.11 then forced into the vessel Gat each compression 
stroke, The valve D remains closed during each suction stroke, since 
the pressure on the lower side of D is greater than that on the upper 
during suction, 
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The rotary pump may'also:serve as an air compressor. | The end 
C (fig. II-7.9) is kept open to the atmosphere while a: delivery tube 
is fitted to the outlet port’ D, As the pump runs, it forces air 
through D. 

Pressure in @, With symbols’ as in exhaust) pumps, we have 
initial mass of air in G=PVg: During each stroke a mass vp is forced 
into G. Hence after n strokes the total mass of air in G=Vp+nyp. 
If the density of this air is P,, then 


Ven = VP +wp 
oe Pa=(l +n (IL-7,5,1) 
If P, be the pressure of this compressed air then by Boyle’s law 
Li ee ea } 
P Pp an A 
P,=PL-+nv/V) (11-7.5.2) 


Ex. Il-7.6. The barrel and receiver of a condensing pump contain 
0'075 and 1 litre of air respectively, at one atmoshere pressure. After 
how many strokes the pressure would rise to 4 atmospheres ? 


Solution: From ¥I-7.5,2, 4=(1+n 0°075/1) x 1 

or 3n=120 or n=40 

11-66. The Diving Bell. With this appliance one can descend to 
considerable depths under water. It 
consists of a more or less cylindrical, 
large vessel (fig. 11-7,12) closed at the 
top but open at the bottom and weighs 
more than the water it can contain. 
As it is lowered into water with the 
open end downwards, it sinks, As 
the air in it is gradually compressed, | 
water rises in the bell, but never fills it, => G 
The internal pressure may be found by 
applying Boyle's law. Compressed air 
may be pumped into it to keep out water 
as desired, 

Sounding lead : A miniature cylindrical bell of the above type, 
coated internally with a soluble pigment, serves as a useful device for 
measuring the depth of water. When lowe-ed into water, the pigment. 


“i 


-- 


Fig. II-7.12 
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dissolves up to the distance towhich the waterlevel rose: within “the 
cylinder, From this\ distance the depth of immersion can,’ be 
computed, See the problemon page 141. 

Caissons. They are used to lay the foundations of a bridge under 
water and ere essentially diving: bells.» Powerful aim compressors, 
operated on land, pump compressed air into\caissons to keep: water 
out of them, 

Problem: A cylindrical diving bell 1:50m tall is lowereed’ to: the 
bottem of a tank, when O,5.m of water rises inside the bell. Find its 


depth. ; (LIT. ’67] 
Take temp to remain const and atmopheric press to be 10 m of 
water, Refer to Ex, 11-5.4. * (Ans. 5.5 m) 


EXERCISES 
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|. Exercise—3I,1. (Gravitation and Gravity) 


{A] Essay type questions 


1. State the law of universal gravitation and explain itin symbols, 
What is meant by the universal gravitation constant 7 What is its 
value in gs units 2}, Why is it called a universal constant ? 

2, Two spheres have masses M, and M, and radiir, and ry, 
What will be the gravitational attraction’ between them if their 
centres are at a distance d apart? Will the formula apply if the 
bodies, instead of being spherical, has some other sphape? Explain 
your answer,, 

3, What role does gravitation play in the motion of planets ? 
Assuming that the orbit of a planet is circular, derive a relation 
connecting the periodic time of the planet and the radius of its 
orbit, 

4, What is meant by acceleration due to gravity ? How is it 
related to the mass of the earth ? Is it a constant ? 

5. . Discuss why g changes with latitude. Ata given place why 
does g have the greatest value on the surface of the earth than above 
or below it? c 

6. Distinguish between mass and weight. Under what circums- 
dances will a body have no weight? Will it have no mass at the 
same time? Explain’? 

A spring balance can detect differences of weight at different places 
on the earth ; but a common balance cannot. Why? 

7, Why does a body appear weightless in an artificial satellite ? 
Will it require a force to move a body inside it? Explain, 

8, State. the laws of falling bodies, How can you deduce from 
hen that all freely falling bodies move with the same constant 
acceleration ? 

9. What is meant by escape velocity ? What is its value on the 
earth’s surface ? Is it the same on all planets? Ifa body is to leave 
a planet not to return, in what direction should it be given the 
necessary velocity. ? 

10, What are meant by the term sgravitational field, potential and 
intensity ? How do the gravitational force differ from electric and 
magnetic forces ? 

11, What is a simple pendulum ? State the laws of a simple 
pendulum, . How can you determine aeceleration due to gravity with 
its help? Wha; preceautions woald you taxe ? 


176 PROPERTIES OF MATTER 


s of planetary motion. How can you 


12. State Keplei’s law: 
law of gravitation ? 


establish Kepler’s third law from the Newton’s 
Ared vice verea ? 
13, How can you compare the'masses of different ‘planets from 


Kepler’s third law ? 

Show that the smallest period of revolution ofan aftificial satellite 
in avcircular orbit around a/planet is determined only. by. the average 
density Of matter of the: planet. [i BB) 

14, Obtain expressions’ for the ‘orbiting yelocity and period of 
revolution of a planet. moving round the sun in a circular orbit, 
Hence derive an-expression for the mass of the,sun, 

"Prove that the length of the year is shorter for a planet; nearer to 
“the sun, l anisd 
_ _ 15, What is meant by orbiting velocety of a satillite ? Calculate 
the orbiting velocity and peri:dsof revolution ofan artificial satellite. 
“Find 4 relation between orbiting’ welocity andescape velocity, 
16. What is a Geo-synchronous satellite 7 Find its height. 


[B] Short answer type questions 

17'a If- the force of, gravity, acts on bodies proportional to their 
» masses, why; doesnot a heavy body fall faster than a light body ? 

18, Explain clearly why there is no atmosphere on the surface of 
the moon: but onthe surface of the earth, 

19: Where- will’ a body ‘weighymore-at the pole or atthe 
equator ? If the body a somehow taken to the, centre of the earth, 
then what will be its. weight 2? _Why,so.? 

20, The gravitational «force exerted by. the sun on the moon.is 
greater than, the, gravitational force exerted by the earth on the moon. 
Why then does.not the moon escape from the earth ? 

21. |, The,sun attracts all bodies on the earth, At midnight, when 
the sun is,direcily below, it pens an object in the same ifection as 
does the earth ; at noon, when the sun is directly “above; it pulls the 
object in.a direction opposite to the pull of the earth, Hence 
all objects should “be heavier-at midnight’ than they ‘are at noon, 
Explain why this is not. 

22, The gravitational attractions of the sun and the m fth 
produce tides The solar_tidal effect is about half be pageant of 
‘the lunar, The direct pull of ‘the sun ‘on’ the ‘earth; ‘however, is 
about 175 times that of the moon. “Why ‘is it then that theimdon 
causes higher tides ? 

oy, 23, Neglecting air friction and technical ¢iffieulties,'can a 
satellite be put into‘an orbit by being fired’ froma huge cannon on th 
earth’s surface? Explain. i 
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24, An artificial satellite is in a circular orbit about the earth, 
How will its orbit change it one of'its rockets is momentasity fired 
@) towards the earth, (b) away fromthe earth, (c) in a forward 

irection, (d) in a backward direction, (e) at right angles to the 
plane of the orbit, 


25, Ifa planet of given density were made larger, its force of 
attraction for an object on its surface would increase because of the 
Plane’s greater mass but would decrease because of the greater 


distance of the object from the centre of the planet, Which effect > 


predominates ? 


26. For communication purposes it is desirable to have a satellite 
which stays vertically above one point on the earth’s surface, Explain 
why the orbit of such a satellite must be circular and must lie in the 
plane of the equator, What is it called 7 


27, A body is falling freely towards the earth, At some instant 
when it is falling the gravity ceases to act, What happens to its 
motion ? 


28, (i) Elucidate why a space vehicle in orbit is a freely falling 
body with an acceleration towards the earth equal to the value of 
g at that point. 


(ii) Hence explain weighlessness, 
29, Weight is not an essential property of a body—Explain, 
30, State and explain whether the time period of the pendulum 
will change in the following cases :— 
(i) Ifa hollow ‘bob is taken instead of a solid bob, 
(ii) If the hollow bob is partly filled with water. 
(iii) _ If the pendulum is taken to the top of a mountain, 
(iv) If the pendulum is taken to the bottom of a mine, 
(v) If the hollow bob is fully filled with water, 
(vi) Ifthe pendulum is kept in a lift moving with (1) uniform 
velocity, (2) uniform upward or dounward acceleration 
(<8) 
(vii) Ifthe pendulum is inside a satellite, 
31. A hollow sphere is filled with water and is hung by a long 
thread, A small hole is made at the bottom of the sphere and water 
trickles out slowly through the hole, It is-observed that the period 


of oscillation of the sphere first increases, then decreases and then 
restored to original value—Explain, 


32, It is observed that the period of a simple pendulumris 
much larger and it continues to oscillate much longer on the 
surface of the moon than on the earth, Whyy > 


12 


Ky 
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33, The bob of a pendulum is made of iron, A powerful 
magnet is placed below the bob, It is observed that the time period 
of the pendulum decreases—Explain. ' 
34, A body is released from an orbiting satellite, 
happen to the body ? 

35, From the top of a tower, a ball is dropped while another is 
thrown horizontally simultaneously, Which one strike the ground 
first? Explain the answer. (lL bag 

36, When a ball is thrown up the magnitude of its momentum 
decreases and then increases, Does it violate the conservation of 
momentum principle 7 

37. The point of suspension of a simple pendulum moves with 
a uniform acceleration in the horizontal direction, How is the peri 
of the pendulum affected ? [ H. S, °83 

38, How can you explain rarity of certain gases in 
ear(h’s atmosphere ? 

39, A pendulum is suspended from the ceiling of a lift, The 
pendulum is- brought out of equilibrium through an angle ang 

released, At the moment when the pendulum passed through its 
lowermost position, the lift began to fall freely. How will 
pendulum move with respect to the lift, 

40. How the length of the year changes if the distance between 
the sun and the earth changes ? ca a” 


[C] Numerical problems 

AL, Two. iron spheres of radii 10 cmand 1 cm are placed with 
their centres 10 cm apart, Calculate the force of attraction between 
them, Given, density of lead=11'5 gm cm-® and G=661X 
10-8 cm® gm-* sec~* [ 15 45 x 10-* dyne, 

42 Find the force of attractioa between two protons at & 
seperation distance of 10-10m, The mass of a proton is 1°67X 
10-*7 kg, [ 1:86 x 10-44 N. 

43, A space rocket flies to the moon, At what point of the 
straight line connecting the centres of the moon and the earth W 
the rocket be attracted by the earth and the moon equally. The mass 
of the earth is 81 times that of the moon and the distance between 
them is 3 84x 105 km, [ 3°46 x 108 km, J 

44, At what altitude above the carth’s surface would the 
numerical value of g be half of that at the surface? Radius of tht 
earth is 6400 km, [ 2550 km, 

45, If the earth’s mass=596x 1027 g, its radius=6367% 
{02cm and gravitational copstant=6-67 x 10-8 cg; unit, what will 
be the value of g on the surface of the earth? Explain the difference 
form the known value. [ 101-02 cms~* J 
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46, Calculate the value of g the moon’s surface, given that its 
radius is 0'27 times the earth radius and its mass is 1/81 of the 
earth’s mass, 

How heavy will a boy weighing 60 kg on the earth feel on the 
moon? [about 1/6 the earth's gravity ; about 10 kg on the earth. ] 

47, Ina free fall from an aeroplane a terminal velocity of about 
192 kmh-* is reached when the force due to air resistance equals 
the gravitational force, When the parachute opens, the velocity is 
reduced to about 6 ms~1 in approximately one second, Find the 
deceleration caused by the opening of the parachute, 

If the parachutist weighs 100 kg what is the decelerating force ? 
Express the deceleration as a multiple of g(=98 ms~*) and the 
force in terms of the weight of the man, (48g; 48x 100 kgf, J 


48, The mass of the earth is 80 times that of the moon, Its 
diameter is 4 times that of the moon, Ifa body is weighed on the 


moon in what ratio will it decrease ? (1:5)(H. 8,979] 
49, Determine the mass of the sun if the mean radius of the 
earth’s orbit is 149 x 10° km. [2x 1083 g] 


50, Calculate the change of apparent gravity at the equator of a 
planet if it were suddenly to contract and change its radius by phth of 
its former value, [ Increase by jth of the present value, ] 

51, A satellite of earth appears to be stationary with respect to 
the earth, Find its distance from the centre of the earth and also the 
direction of its motion, Given, the radius of the earth = 6400 km, 
mass of the earth= 6-03 x 1027 g and G =6°67 x 10-® cgs unit, 

[ 42400 km ; from west to east, ] 

52, The ratio of the radius of the earth to that of the moon is 
4, whereas the ratio of the accelerations due to gravity on the earth 
and on the moon is 6, Find the ratio of the escape velocity from 
the earth and the moon, 5 

53, Calculate the escape velocity from the following data: 
Radius of the earth = 6400 km ; g=980 cms-*, { 11-2 km/s J 

54, The ratio of the acceleration due to gravity in a very deep 
mine and on the surface on the earth is 790/800, Assuming the 
earth to be of uniform density throughout and its radius 6400 km, 
calculate the depth of the mine, [80 km] 

55. At what altitude and at what depth will the acceleration 
due to gravity be 25 percent of that at earth’s surface ? [ R ; 0°75 R J 

56, At what distance from the earth’s surface is the acceleration 
due to grayity equal to 1 ms~*? Given that radius of the earth= 
6400 km. [ 31632 km } 

57, How much faster than its present rate should the earth 
rotate about its axis in order that the weight of a body on the equator 
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along such that the centre to centre distance remains always equal 
tod. Find the new time period in terms of T, [ F / (1+5) 


9, The period ofa simple pendulum is increased by 1/100 s 
when the length is increased by 1 cm, Find the original length of the 
pendulum, (Poona) [ 100 cm. } 

80, A small ball of mass 100g suspended from a fixed ponit by a 
light inextensible string 200 cm, long describes a horizonal circle of 
radius 100 cm, the string ‘weeping out a conical surface, Find the 
frequency of revolution of the ball and the tension in the string. 

[ 0:38 s-2, 115-59 g-wt ] 

81. Suppose, a man is measuring force by the gravitatinal 
attraction exerted by two unit masses separated by unit distance as 
the unit, What will be the value of G, according to this new unit ? 

(J. EB, E. 76) [15x 107] 

82. A clock-pendulum made of Aluminium has a length of 100 
cm, when the temperature is 20°C, How many seconds will this 
clock lose in a day if the temperature is maintained at 30°C? Co, 
efficient of linear expansion of Al= 25 x 10-8°C-1, [108s] 


Exercise—II.3 (Elasticity) 


[A] Essay type questions 


1, Explain the terms elasticity, strain and stress, What do yow 
understand by elastic limit and Hooke’s law? What is meant by 
modulus of elasticity ? 

2, Explain the terms tensile stress and strain, compressive stress: 
and strain and shearing stress aad strain. Define Young’s modulus 
bulk modulus and modulus of rigidity, Distinguish between solids, 
liquids and gases on the basis of these three moduli, ; 


3, What is Poisson’s ratio ? In what unit is it enpressed ? What 
are the egs units for the three elastic moduli? What cgs units do 
you use for stress and strain ? 

4, Describe a laboratory method for the determination of 
Youug’s modulus of elasticity of a material in the form of a wire, 

5. Find the work done in stretching a wire, What happens to 
the energy when the wire is allowed to return to its original length ? 
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6. With the help of a stress-strain curve, explain the terms 
perfect elasticity, yield point, elastic lemit, breaking point breaking 
stress and breaking load. 4 


[B] Short answer type questions 


7, Steel is more elastic than rubber—Explain. 

8. What is force the constant of a spring? What property of 
the spring does it express ? ‘A spring balance measures the weight 
of a body—Explain, 

9, When a wire is stretcted potential energy is stored in it, 
Why ọ When the stretching force is removed and the wire regains its 
original length then what happen to this potential energy ? 

10, A stretched wire is suddenly snapped. Would there be any 
change in its temperature ? 

11, In an experiment to measure the Young’s modulus for steel 
a wire is suspended vertically and loaded at the free end, In such an 
experiment, (i) Why is the wire long and thin, (ji) Why is a 
second steel wire suspended adjacent to the first ? 

12, State one advantage and one disadvantage in using a long 
wire rather than a short stout bar when measuring the Young’s 
modulus by direct stretching. 

13, A system of balanced forces produces deformation but a 
system of unbalanced forces produces acceleration—Explain, 

14, Which is more rigid—steel or diamond 7 Explain with 
reasons, 

15, Show that the value of Poisson’s ratio lies between 05 
and — 1. ; 

16, Two springs have their force constants K, and K, (K,>K,). 
On which spring is more work done (i) when their lengths are 
increased by the same amount, (ii) when they are stretched by the 
same force. [LL 1. 7,°76] 


[C] Numerical Problems. 


17, Express the force constant in terms of Y, length and the area 
of cross-section of the spring wire, [K=YA/L] 


18. A spring of force constant K is cut into three equal pieces. 
Find the force constant of each part. [3K] 


19. Two vertical weightless springs of equal length hang from 
a ceiling and the lower ends of the springs are attached to a bar, 
It the force constants of the springs are K, and K,, find the force 
constant of the spring system. {K,+K.] 
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20, A spring of force constant K, and another of fe 
constant K, are joined toge’her and hung from a ceiling, Find, 


force constant of the spring system, 


21. A railway engine of mass 20 tons struck a wall and i 
of its two buffers was found to be compressed by 10 cm. If the 
spring of each buffer is compressed by 1 cm under the action of a 
force of 1 ton force find the velocity with which the engine struck 
the-wall. (1 ton= 1000 kg, ) [3'56 km/hr] 

22, A 2 kg load elongates a spring by 2'5 cm. What will be 
the elongation for a load of 1°5kg? What load will be required 
for an elongation of 1.75 cm ọ > [ 1875 cm, 1:4 kg 


23. A piece of copper wire is 2m long and 0'5 mm in diameter, 

A load of 10 kg. increases its length by 2°38 mm, What is the 
Young’s modulus for copper 7 [ 4:28 x 108 kgf. cm. Ai 
24. A 10 kg, weight suspended by a 5m long wire causesa 
Strain of 01%, Ifthe cross-section of the wire is 1 mm*, what are 
its elongation, streesand Young’s modulus 7 É 
[ 5mm, 9°8 x 168 dyn cm-*, 98x 10*? dyn cm-* ] 

25, A piece of wirs, 600-5 cm long and Imm® in cross-section 
has a load of 20 kg. suspended from one end, If the load is removed 
the length diminishes by 05 cm, What is the value of Young’s 
modulus p [ 2°35 x 102* dyn cm% ]. 
26, A horizontal plank supported at two ends is depressed in 
the middle by 2 cm, when a load of 5 kg, in placed there, How 
much will a load of 7°5 kg. depress it in the middle 7 What load 
will be required for a depression of 3°75 cm 7 [3 cm, 8:75 kg] 
27, A rod of length 250 cm and radius 2:5 cm has Young’s 
modulus = 2 10'* dyn cm-* and Poisson’s ratio=03, What strain 
in the diameter will be caused by a load of 1000kg? [147x104 J 


_ 28, A metal mass of volume 500 cm3 hangs from the end of a 
wire whose upper end is rigidly fixed, The diameter of the wire is 
uniform and equal to 0'4 mm and its Young’s modulus is 7x 10*? 
dyn cm,-*, When the metal mass is completely immersed in water 
the length of the wire changes by 1mm, Find the length of the 
wire, {179-4 cm, J 

20, If the coefficieat of linear expansion of steel is 12x 10-8 
per °C, Young’s modulus is 2x10® gm wt per cm*, calculate 
the increase in (ension in a steel wire of cross-section 0°005 cm® 
tightly fixed between two rigid supports when the temperature falls 
by 10°C, [ 1200 gm wi. J 
26, „A piece of rubber pressure tubing 30:0 cm long exteads by 
960 cm when stretched by a load of 300 gm, If the internal — 


se 
st 
N 
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diameter of the tube is 4'0 mm and the thickness of wall also 4 O'm 
Calsulate Young’s modulus for the rubber, [ 146x 107 dy cm=* 


27. A steel cylinder is heated through 50°C and is then clamped 
in rigid supports at each end, Calculate the stress in the cylinder 
when it has cooled down to its original temperature, ( Y for steel= 
2% 101" dyn cm=*, co-eff, of linear exp, for steel = 1 2x 10-8 per °C), 

{ 12x 10° dyn cm=* ] 


28, A sicel wire of diameter 1:0 mm is stretched between two 
rigid supports fixed at right angles to a thick brass base, the wire and 
the base being parallel, The tension of the wire is 1:5 kg wt. What 
will the tension become if the temperature of the apparatus rises by 
10°C 7 The co-efficient of linear expansion of steel and brass are 
109 x 10-8 deg C71 and 1°89 x 10-5 deg Co» respectively, Young's 
modulus for steel is 20 102* dyn cm=*, (2:78 kg wt) 


29, A wire of length 1m an‘ cross-sectional area 05x 10°" cm" 
is stretched horizontally between two pillars A mass of 100 g is 
suspended from the midpoint P of the wire, Calculate the depresion 
of P. (Y¥=2x 101 dyn cm~" ; g=980 cms- ) { 1°07 cm, } 

30, A vertical steel wire and a parallel brass wire, each 400 om 
lorg and 0-0040.cm* cross-section, hang from a ceiling and are 30 om 
apart, The lower end, of the wires are attached to a light horizontal 
bar, Find the mass of the load which must be hung from the bar to 
cause each wire to extend by 010 cm. At what distance from the 
brass wire must the mass be suspended ? (Y for brass œ 1'0 x 10** dyn 
cm” and for steel, twice as much, ) (306 kg; 20 cm} 


31, A steel wire 1m long and a brass wire 70 cm long each 0 01 
cm’ jn cross-section are fastened together end to cad and are then 
gwt Calculate the elongation of each 

wire. Given Y fr stecle 2x 10** dyn cm™* and that for brass = 
1x 10'* dyn cm". [ 0049 cm, 00686 cm. } 


32, Elastic limit is exceeded when the strain of a wire becomes 
just greater than 12000, Tt the cross-section is 0°02 cm" and Young's 
modulus for its matrial is 14x10 ' dyn cm~", find the value of 
maximum load that can be hanged from the wire without causin 
permanent deformation. [143 kg 4 

33, A light rod of length 200 cm is suspended from the ceiling 
horizontally by two vertical wires of equal length tied to its two 
ends. One of the wires is made of steel and js of cross-section 0 1 cm* 
and the other is of brass of cross-section 02cm*, Find the poiat on 
the rod at which a weight may be Lung to produce (i) equal 
stresses in both wires (i) equal strains in both wires ( Y for 
brass 10x 1022 dyn cm=* and that for steel 20x 1014 dyn cm-* ) 
[ 66:07 cm from brass wire ; At the middle of the rod, ] I I, T , 74) 
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34, A wire of length 1m when stretched by a load of 10 kg — 
increases in length by 0'1 cm, The cross-section of the wire is 0-1” 
cm?, Calculate the Young’s modulus of the material, If the 
Poission’s ratio be 4, calculate also the change in volume of the wire, 

(J. E. E. 82.) [98x 107° dy em=*, 0 0033 cm®. J 


35 A vertical s'eel columm 10 m high supports a load of 80: 
metric tons, Taking Young’s modulus for steel to be 2x106 kg wt © 
cny *, area of cross section to be 100 cm? and Poission’s ratio to be 
0'2, find the decrease in length and decrease in volume of the column ~ 
when the load is applied. (J.B E,°79) [04 cm; 56 cm® ] 


36, A steel wire of cross-sectional area 0'5 mm? is held between 
two fixed supports, If the tension in the wire is negligible and it is 
just taut at a temperature of 20°C, find the tension when the 
temperature falls to 0°C, (« for steel=12x 10-8 per °C and 
Y=2'1% 107" dyn cm-* ) (1.1. 7.73) { 2'52x 10° dyn J 

_ 37. A copper wire and a steel wire each of length 1:5 m and — 
diameter 2 mm are joined at one end to form a composite wire 3m 
long, The wire is locded till itslength becomes 3:003 m, Calculate 
the strain in copper and steel wires and the force applied to the 
wire. Y for copper=1:2x10'® Nm-* and that for steel= 
20x 101° N m~”, [ 1:25x 10-8, 75x 10-4, 471 N] 


38, A uniform glass tube,containing water is suspended vertically. 
from a support, When a weight attached to its lower end, 1 m 
- length of the tube is found to be stretched by 0:05 cm, while the same 
length of the water column in the tube is lengthened by 0°03 cm, 
Find the Possion’s ratio for glass, [0299] 


39, Find the value of the Poission’s ratio for gold given that a 
force of 330 gf elongates a gold wire of aitaster 032 mm by 
1 mm and that equal and opposite torques of 145 dyn-cm applied at 
its ends twist it through 1 radian, (Bombay ), [0:429 J 


40. Find the work done in stretchin i 2 

F, g a wire of 1 mm? cross- 

section and 2 m long through 0:1 mm, Young’s 

material of the wire is 2x rf 2 dyn SUA oung’s modulus for the 
( Punjub Univ. ) [ 5000 erg. j 


41. A copper wire 2m long is stretched by 1 mm, If the 
energy stored in the stretched wire is converted G o akeai calcultate 
the rise in temperature of the wire ( Y for copper = 12’ 101? dyn 
cm-°, density of copper=8, sp, heat of copper=0'1 and J=4:2% 
107 erg/cal ) [ 0:004°C J] _ 


42, A copper wire has twice the radius of a steel wire. One — 
end of the copper wire is joined to one end of the steel wire so that 
both can be subjected to same longitudinal force, By what fraction 
of its length will the steel wire have stretched when the length of 
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copper wire has increased by 1%. Y for steel is twice that 
for copper. [2%] 
43, Calculate the minimum tension with which a platinum wire 
of diameter O'L mm must be mounted between two points in a stout 
invar frame if the wire is to remain taut when the temperature rises 
to 100 K, Platinum has a coefficient of linear expansion of 9x 
10-6 K-+, Y=17x10*9 Nm-*, The thermal expansion of inver 
may be neglected, [1:20N} 
44 The rubber cord of a catapult has a cross-sectional area 
of 1:0 mm? and total unstretched length 10 cm. It is stretched to 
12 cm and then released to project a missile of mass 0-005 kg 
From energy considerations or otherwise, calculate the velocity of 
projection of the missile, Take Y for rubber as 5'0 x109 N m=", 
State the assumptions made in your calculations, { 20 m s-* ], 
45, Two rods of different metals having the same area of cross- 
section A are placed end to end between two massive walls. The 
first rod has a length 1, coefficient of expansim x, and Young’s 
modulus Y,. The corresponding quantities for the second rod are 
l, x, and Y,, The temperature of both the rods is raised by T 
degrees Find the force with which the rods act on each other in terms 
of the given quantities, (1,1,T.) [ATY Y (l,i Flata) Ya +1, ¥.)], 
46, Acopper ring of radius 100 cm and cross-sectional area 
4mm‘? is fitted on to a steel rod of radins 100:125 cm, With what 
force will the ring be expanded if the modulus of elasticity of copper 
is 12% 10° kgf/mm’, [ 60 kgf. J 
47, An iron wire 5m long is suspended yertically, By how 
much will the volume of the wire change it a load of 10 kgf is 
attached to itp Pvission’s ratio=0'3, [ 0001 cm®, } 
48 A sphere of radius 10 cm and mass 25 kg is attached to the 
lower end of a steel wire which is suspended from the ceiling of a 
room, The point of support is 521 cm above the floor, When the 
sphere is set swinging as a simple pendulum, it lowest point just 
grazes the floor, Calculate the velocity of the ball at the lowest 
position, The original length of the wire is 500 cm, radius 
of the wire is 0°05 cm and Young’s modulus for its material 
=2x 1024dyn cm~”, (LI.T,) [3756 ms~}] 
49. A sphere of mass 50 g is attached to one end of a steel 
wire 0315 mm is diameter and 1 m long. In order to forma 
conical pendulum, the other end is attached to a vertical shaft which 
is set rotating about its axis, Calculate the number of revolutions 
per second necessary to break it, The wire will break when the 
force exceeds 4:5x 10® dyn cm-*, g=980 cms~*, { 151 eps. } 
50, A steel ball of radius 10 cm and mass 1000 g is suspended 
from a point 312 cm above the floor by a steel wire of unstretched 
length 290 cm, The radius of the wireis0°2 mm. If the ball is: 
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set swinging like a pendulum so that its centre passes through the 
lowest. point at 6 ms-*, by how much does it clear the a 
Y for steel=2x 10** dyn cm-*, { 1748 cm 


51, 200 cm® of air is at a pressure of 760 mm of mercury, 


If the pressure is increased by 1 mm of mercury and the temperature — 


remains constant, the volume of air increases by 0:263 cm3. What 


is the bulk modulus of air p į 760mm of Hg] 


52. If a torque of 1000 dyn-cm is applied at the lower end of 
a suspended wire it is twisted by 90°. What torque will be required 


to produce a torque of one radian ? { 2000/ dyn cm, } 
53. Obtain a value for the density of sea water at a depth of 


4 mi below the surface, assuming that the density at the surface is 


1:025 gm ml-? and that the compressibility of sea water is 


43% 1075 per bar. (1 bar=10® dyn cm-* ) [ 1053 gm ml-* J j 
54, Find the work done in twisting a steel wire of radius 1 mm — 


and length 25 cm through 45°, the modulus of rigidity of steel 
being 8 x 10+! dyn cm=*, (Lucknow ) [155 x 108 erg. J 


55, The Young’s modulus and the modulus of rigidity fora — 
‘substance are 1125x101: and 4°55 x 10** dyn cm-? respectively, 
What will be the change in volume of 1000 cm® of the substance — 


when subjected to a pressure of 10 atmosphere 7 


: (1 atm, +108 dyn cm=*), ( Gujerat ), [ 0°014 cc, J 
56, A disc of mass M is placed on a table, A striff spring is 
attached to it and is vertical. To the other end of the spring is — 


attached a disc of negligible mass, What minium force should be 
applied to the upper disc to press the spring such that the lower disc 
iis lifted off the table when the external force is suddenly removed ? 
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57. When a rubber cord is stretched, the change in volume due — 
to change in linear dimensions is negligible, Obtain value of 
0 


Poission’s ratio for rubber, ( Bihar-) 


58. Calculate the bulk modulus for a specimen of steel, given 
that the Young’s modulus and the rigidily modulus for the specimen 
are 21x 10** and 8x 10'* dyn cm-?, [ 18°7x 107+ dyn cm7? ] 


59, Poission’s ratio of a material is 0 379, its rigidity modulus is 
2°87 x 10** dyn cm~*, find ( Baroda ) [7-916 x 10"! dy em^. | — 

60, A wire of diameter 0°6mm and length 300 cm hangs 3 
vertically, A load of 4 kgf is applied at its middle point and also F 


a further load of 4 kgf at its free end. Find the total elongation 


assuming Young’s modulus for the material of the wire=2x 101? 


dyn cmr*, [ 0:312 cm, J7 


61. A copper wire 8m long hangs vertically, Find the — 


elongation due to its own weight. Y for copper=1:0x1ọ1° dyn 
cm~? and density of copper=8 9 gm cm-®, [ 000215, }) 
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[A] Essay type questions: - 


1. Distinguish pressure and thrust, It pressure inyolyes an area, 
what is meant by pressure at a point 7 

2, What is the characteristic property of a fluid? How can you 
prove that a liquid exertsa normal pressure on any surface with 
which it is in contact 7 Explain if this will apply also to an imaginary 
surface within the liquid, 

3, Derive an expression for the pressure at a depth hin a liquid 
of density p, i 

What do we understand when we say that fluid pressure at a 
point acts equally in all directions 7 


4, How can you prove that the pressure of a fluid at rest is the 
same at all points in the same horizontal plane ld 
What do you mean ‘horizontal’ and ‘vertical’ p 


5. If there be several open vessels connected together by a liquid, 
why should the liquid levels be the same in all q 

What is the meaning of the s\atement ‘a liquid finds its own level’ 
or ‘a liquid stands at the same height in communicating vessels’. 

6. State Pascal’s law of transmission of liquid-pressure, 

Explain how the law can be applied to magnify a force, Show 
how the principle of conservation of energy is not violated in such 
magnification, ’ 

7, Briefly discuss the construction of a hydraulic press and 
explain the principal on which its acts, Derive an expression for 
mechanical advantage of the machine, 


[B Short answer type questions : 


8. Things can be cut by the sharp edge of a knife easily but 
cannot be cut by the blunt edge. Explain the reason. (H. S; 982) 
9, Why it is necessary to make the dam of a water reservoir 
thicker at the bottom than at the top 7 (H. S82) 


10, Why does a pointed nail penetrate into the wall more than 
a thick nail when struck 7 

11. Explain how it can be that pressure is a scalar quantity 
when forces, which are vectors, can be produced by the action of 
pressures, 

12, Will a hydraulic press work if its cylinder be filled with air 
instead of liquid 7 

13. Water is poured to the same level in each of the three vessels 
of different shape but of the same base area, If the pressure is the 
same at the bottom of each Nessel the force experienced by the base 
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of each versel is the same, Why then do the three vessels have 
different weights when put on a balance 7 

14, Can a hydraulic press multiply energy 7 

15, Why should we get a stronger flow of water f.om a tap 
lowers down than another, but having the same diameter of the 
month ? 


{ C] Numerical problems : 


16, A 20kg table stands evenly on four legs 5 centimettre square, 
What are the values of thrust on each leg and the pressure at a point 
of the leg 7 [5 kg, 0:2 kg cm-*] 

17. The water supply tank in a household is 30 m above ground, 
When a tap is opened i0m of water head is lost for overcoming 
friction. What is the pressure of water in a tap 8 m above the 


ground 7 
If the tap has a diameter of 1:2 cm, what force should be applied 
to its mouth so as to stop flow of water p [1200 gf cm=*, 1560 gf, ] 
18, How much length of mercury will exert pressure equal to 
that of 34 ft of water? Given density of mercury = 13-6g cm~ °, 
[30 inch] 
19. A bottle has bottom area equal to 30 cm”, It is filled with 
water and corked, The area of the cork is 1 cm*, If a force of 40 
gi be applied on the cork, find the thrust on the bottom, [1200 gf] 
20, The pressure at the bottom of a well is 4 times than at a 
depth of 2 ft. If the pressure of atmosphere is equal to a column of 
water 30 ft high, find the depth of the well, (98 fe) 
21, A cubical tank having each side 2m is filled with water. 
Calculate the force on the bottom and the force on a vertical side. 
[8000 kgf, 4000 kgf.] 
22, What is the pressure at the bottom of a clear take of water 
10m deep? Atmospheric pressure=76 cm, Hg, density of mercury 
= 13*0 g cm8, (H. S. °82) [2033-6 gf cm-*] 
23, A cubical tank with side 40 cm is closed at the top, At 25 
cm from the base, a vertical pipe is joined to one side of the tank, 
The pipe contains water upto a length of 55 cm, If the cross-section 
of the pipe is 100 cm”, calculate the thrust on each side of the tank 
including the top, [1254 5N on bottom, 627-2N on top, 940:8N on 
hina side without pipe, 8869N on each vertical side with 
pipe. 
24, A lockgate separates water on (wo sides, the height of water 
on one side is 4 ft, on the other side 20 ft, If the gate is 20 ft wide, 
find the resultant thrust on the lockgate, [24x 104 lbf.) 


25, A cylindrical vessel is filled with equal amounts by weight of 
mercury and water, The overall beight of the two layers is 29:2 cm. 
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Determine the pressure of the liquid at the bottom of the vessel, 

The density of mercury is 13:6g cm-8. [4 cm Hg.] 
26, Acubical box is full of water, show that the thrust on any 

vertical wall is half the weight of the water contained in the box, 

27. If the pressure of water at the ground floor is 34 !bf/inch* 
and on roof 18 Ibffinch* of a certain house, calculate the height of the 
house, [ 36.86 ft. ] 

28. A vertical U-tube of uniform inner cross-section contains 
mercury in both its arms, A glycerine (density 1.3 gcm-") column 
of length 10cm is introduced iato one of the arms. Oil of density 
0'8 g cm~ is poured into the other arm until the upper surfaces of 
oil and glycerine are in the same horizontal level, Find the length of 
the oil column, Density of mercury is 13.6 g cm~", (I. I. T, '72) 

[ 9.61 cm ] 

29, A U-tube, whose ends are open, whose section is one square 
inch, and whose vertical, branches rise to a height of 33 inches, 
contains mercury in both branches upto a height of 6,8 inches, Find 
the greatest amount of water that can be poured into one of the 
branches, assuming density of mercury to be 13.6 g em=*, (London 
Univ.) { 27.2 inch® ] 

30, A U-tube is partly filled with mercury of density 13°6 g cm~”, 
Salt solution of density 1,10 is poured into one limb so as to make 
the difference of levels of mercury in the two limbs equal to 1 cm, 
What is the height of the column of solution 7 [ 12.4 cm] 

31. The two arms of a U-tube have cross-section of 1 cm* and 
0.1 cm” respectively, Some water is poured into the tube which 
enters into both the limbs of the U-tube, What volume of a liquid 
of density 0:85 g cm=® should now be poured into the wider limb so 
that water level in the narrower tube may rise 15 cmp (J. E, E, 76) 

1791 cm” ] 

32, A U-tube partly filled with water, Another liquid which 
does not mix with water, is poured into one limb until it stands a 
distance h above the water level on the other limb, which has mean- 
while risen a distance d. Find the density of the liquid, [ 2d)(2d+-h) ] 


33, The smaller piston of a hydraulic press has a diameter 
1 inch, and the larger one has a diameter 1ft. Ifa force of 50 Ib be 
applied on the smaller piston, how much force will the larger one 
develop 7 (P. U. ’62) [ 8064 Ib ] 

34. The diameter of two pistons of a hydraulic press are 
respectively 3 inches and 30 inches, The smaller piston is attached at 
distance of 2 ft from the fulcurm of a lever of length 12 ft, What 
force must be applied at the free end of the lever in order to produce 
a force of 5000 Ib at the bigger piston p (Tripura H, S ’81) [8:3 1bf.] 

35, A hollow right circular cone of height h and semi-vertical 


* 
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angle « rests with its base on a horizontal tabe. If the cone is filled 
with a liquid of density p, the weight of the empty cone becomes 
equal to the weight of the liquied it contains. Find the thrust on the 
base of the cone and the pressure exerted on the table when the cone 
is filled with the liquid, ~ [ xegh® tan’«, hPg | 


11-5. (Archemedes’ Principle and flotation) 


[A } Essay type questions : 

1, State and explain Archemedes’ principle. Describe an 
experiment in support of the principle, 

What is meant by up thrust on an immersed body 7 

2. How can you find the volume of a body with the help of 
Archemedes’ principle p 

Distinguish between Density and Specific gravity. In what sense 
can we say specific gravity is relative density 7 

3, What is meant by ‘force of buoyancy’ ? Where does it act? 

Show theoretically with the help of a simple example that the 
wet on an immersed body is equal to the weight of the displaced 

quid, 

What relation has the apparent loss of weight of an immersed 
body with the fact that a liquid exerts a normal pressure on any 
surface with which it is in contact 7 

4, Find the condition that a solid’ will float or sink in a liquid. 
Why does a ballon filled with hydrogen or helium ascend 7 Though 
steel is heavier thrn water why does a ship made of steel float 7 


[B]. Short answer type questions + 

5, Explain in which of these cases the greater part of your body 
will remain under water—(i) breathfully inheled, (ii) ‘breathfully 
exhaled, 

6, When a ship sinks in an ocean does it go down to the bottom 
or remain suspended somewhere 7 Give the reason for your answer. 
5 7" TH top of the tower of a submarine was just submerged when 
it was in a river. Explain how the position will change when the 
submarine reaches the sea, 

8. Show that ‘specific gravity’ and ‘relative density’ are 
equivalent, 

9, The ‘specific gravity of mercury is 13-6, What is its density 
in'c.g.s. fip.s, and m,u,s, systems p 
‘10, Why in defining specific gravity, water'is taken at 4°C 7 
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11. Ifa body is taken toa greater depths inside a liquid, then 
does the force of buoyancy acting on the body changes? Explain 
your answer, 

12, ‘The ascent of a balloon in air illustrates thc action of 
buoyancy’—Explain, n 

13, Is ‘centre of buoyancy’ coincides with ‘centre of gravity’ of 
the displaced liquid 7 
_ 14, A piece of cork is embedded inside an ice block which floats 
in water, What will happen to the level of water when all the ice 
melts ? IT. 76) 

15, Does Archemedes’ principle hold inside a freely falling lift p 
Explain, 

16, Does Archemedes’ principle hold in a satellite moving in a 
circular orbit p Explain, 

17. Why does an ordinary balloon rise to the ceiling when filled 
with hydrogen, but drops on the floor when filled with carbon-7i- 
oxide 7 

18. Explain how the position of ‘meta centre’ determine the 
stability of floating bodies, 

19, Explain why goods are loaded in the lower deck of a ship, 

20, A ship which just floats in the sea sinks when it enters the 
river — Explain, 

21, Sometimes asubmarine which sioks down toa sea-bed of 
sand or clay cannot raise itself again—Explain, 

22. When a piece of iron immersed in mercury and then 
released, it floats up, Will this happen in outer space 7 Give reasons 
for your answer, h 

23, ‘A solid ‘wooden cylinder is placed in a container in contact 
with the base in such a manhér that when water is poured into the 
container, no water can go beneath the solid, Will the cylinder float 
upp Give reason for your answer, (H. S, '80) 


24, ‘A floating body has no weight —Explain the statement, 

25, A boy is carrying a bucket of water in one hand and a fish 
in the other, Is the weight carried by him less when he fer the 
fish to the bucket without spilling any water during the transfer ? 

(I, J, T, 770) 

26, A flat dise, a cube and a sphere, all made of iron and having 
the same mass, are immersed completely in water, Which one of them 
will experience the (i) mininum buoyancy, (ii), maximum buoyancy ? 

27. A ballon filled with air is weighted so that it barely floats in 
water, Explain, why it sinks to the bottom when it. is submerged a 
Short distance in water, TOT) 

13 
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28, Explain why a uniform wooden stick which. will float 
horizontally if it isnot loaded, will float vertically if enough weight 
is added to one end, (J.E. E, ’72) 


29, A boat floating in water, tank carrying a number! ‘of large 
stone, If the stones are unloaded into water, what. will happen to 
the water-level ? 1, 1, T, 79) 


30, A beaker containing water is placed on the pan of a balance: 
which shows a reading of Mg.: A lump of sugar of mass mg and 
volume V cm is now suspended by thread in such a way that it is 
completely immersed in water without touching the beaker and: 
without any overflow of water, What will be the reading of the 
balance just when the lump of sugar is immersed? How will the 
reading change as time passes on ? (I.T. ?78) 

31. A block ofice is floating in a liquid of specific gravity 1:2 
contained in a beaker, When the ice melts completely, will the 
liquid level in the beaker change ? T, I. T, 74) 
K 32. A piece of ice with a stone frozen in it floats on water. kept 
in a beaker, Will the level of water increase, decrease or remain the 
same when the ice completely melts ? ET. T73) 

33. Discuss the conditions under which it becomes safer for a 
vessel floating on- water to take in more goods and load them to get 
rid of loads, (L.E.E. *74) 

34, A man, sitting ona boat floating in a pool, drinks some 
water from the pool, so that water level of the pool gets down a little, 
Is it truep Explain with reasons, (LIT. ’80) 

35, A beaker filled with water is placed on left scale-pan of a 
balance and a piece of iron: is suspended from the hook of the scale 
se ee the lesen Bie is balanced by placing weights on the 

gt nd scale-pan, The piece, is now- immersed into water and 
weighed again, Will there be any, change ?,,._ dite i 

36, Two bodies of equal weight and. volume: and: having the 
same shape, except that one has an opening at. the bottom and the! 
other is sealed, are immersed to the same depth in water. Is less: 
work required to immersed one than the other; ` 

37. A piece of ice, containing an air bubble, floats in a glass 
filled with water, ‘How will the level of water in the glass, change 
when ice melts 7 
Papa Which one is greater—‘real weight’ or ‘apparent weight’— 

y: 
1°39. “Two identical’ sphere—one solid and the other hollow ate, 
immersed completely in water — Which one of them will experience 
greater upward thrust 7 i 


40. Why is it easier to move a heavy piece of stone in water 7 
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41. Why is it easier to swim in sea-water than in fresh water ? 


(H S; 80) 
42, How does a ship, made of iron, float in water while a Jamp 
of iron sinks 7 (H. S..’80) 


43, An egg sinks in pure water but floats in saline water—Why ? 


44. Why are plimsoll lines different for sea water and fresh 
water ? 

45, Two vessels are of identical volume, Both are filled with 
water upto the brim, but in one of them, a block of wood is floating, 
Which vessel has grea‘er weight 7 


{ C] Numerical Problems: 


46. A body weighs 50 gin air and 40 gin water, Find its 
volume, density and sp, gravity, [ 10 cm?; 5g cm-*, 5] 
47, The volume of a body is 36 cm” and it can float on water 
with 3/4th of its volume immersed, What are the mass and density 
of the bedy 7 [27 g, 0.75 g cin-* ] 
48. A piece of wood is 5 cm long, 4 cm broad and 3 cm high, 

Tf it floats on water with 2:5 cm of its hight immersed, what will be 
the weight apd density of the piece p (H, S. 983) 
` [ 50g, 0.83 g cm~” ] 

49, The mass of a piece of alloy, made’ of iron and copper, is 

30 g and its volume is 30 cmê, Find the volume of copper and iron, 
Sp. gr. of copper= 8°89 /and that of iron= 1137, Tripura H, S, ’80) 
[8°5 om*, 21°5 em] 

‘50, A'steamer weighs 10 metric tonne, When it enters into a 
‘sweet waler lake from the sea, if displaces 50 litres more water, 

‘What is the density of sea-water ? 1 litre of water weighs 1 kg, 

(H. S."82) (1004 g cm-*] 

51 A silver ingot weighing 2'1 kg is held by a string so as to be 
completely immersed in a liquied of density 0'8 g cm~8, Find the 
tension in the string, (Density of silver is 10 5 gcm-*,) [194 kgf] 
"52, A specific gravity bottle completely filled with water, mercury 
and with copper sulphate solution weighs respectively 45 g, 297 g 
and 49g. Calculate the density of the solution, that of mercury being 
13,6 g cm=3, CH. S, 60) [1.2 gem- )] 
53. A` piece of cork weighing 19 g is attached to a bar of silver 
whose weight is 63 g and the combination is found to just float in 
water. Find the sp. gr. of cork, assuming that of silver to be 10.5, 
Calculate also the weight of the combination in a liquid of sp. gr. 0.8, 
(H.S 67) (0.25, 16,4 g) 
' 54, A cubical block of wood 10 cm along each side floats at the 
interface between an oil-and water with its lower surface 2cm below 
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the interface. The heights of the oil and water column are 10cm 
each, The density of oilis 0.8gcm-*. (i) what is the mass of 
the block? (ii) what is the pressure at the lower surface of the 
block ? (1.1. T.77) [ 840 g, 1043.6 cm of water ] 

55, A dilute H,SO, acid has specific gravity 1.28 and contains. 
40% H,SO, by weight. Find the amount in gramme of H,SO, in 
the acid, {51.2 2] 

56, A glass capillary tube weighs 4.576 g. A thread of mercury 
is drawn into the tube which then weighs 4.925 g. The length of 
mercury thread as measured by travelling microscope is 3,435 cm: 
Assuming the capillary bore to be unifrom, find the diameter of the 


bore Given sp. gr. of mercury = 13 6, [ 0.9757 mm, ] 
57. 10 lb of a liquid of sp, gr. 1.25 is mixed with 6 Ib of liquid of 
sp. gr, 1.15. What is the sp, gr. of the mixture ọ [1214] 


58, The density of ice is 0,918 gcm-® and that of sea water is 
1:03 gcm-*. What is the total volume of an ice burg which floats 
with 700 cm® exposed 7 [ 6437.5 cm® } 

59. When equal volumes of alcohol and water are mixed, the 
volume of the mixture is 96% of the origoial volume. Find the sp. gr. 
of the mixture, if the sp. gr. of alcohol is 0,76, [0.92] 

60. A hollow sphere has an internal and external diameters of 
10 cm and 12 cm respectively. If it floats in a liquid of density 
1:2 g cu-8 just fully immersed, find the density of the material of 
the sphere, [2.84 g cm`° j 

61. A thin cylindrical vessel of diameter 10 cm and height 15 cm 
contains 200 cmê of water. The weight of the vessel alone is 114 g. 
The cylindrical vessel with its contents are placed in a large trough. 
Water is now poured gradually into the trough, What is the 
maximum height to which water can be poured in the trough before 
the vessel begins to rise ? (L1LT.°70) (4cm} 


62. A piece of cork of sp, gr. 0.25 and a metallic piece of sp. gr. 
8.0 are bound together, If the combination neither floats not sinks 
in alcohol of sp, gr, 0.8, calculate the ratio of the masses of cork and 
metal, (J.E E 81) [9 :.22} 
~ 63. A sphere of radius 1cm sinks in water but floats just 
immersed if a layer of wax 2mm thick be given on it, If the density 
of wax be 0.8 g cm=*, what is the density of the material of the 
sphere p [ 1:20 g cm-* J 

€4, A man and a stone are floating ona raft in a swimming 
pool 10 m longand 5 m wide, The stone weighs 40 kg and has a 
Specific gravity 3°0, If the man drops the stone off from raft into 
the pool, by how much will the water level on the side of the pool 
tise or fall p (J, E. B, ?73) [ 0°53 cm fall J; 


65. An oraament is suspected to be hollow, It weighs 288.75 g- 
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in air and 258,75 g in water. If the sp gr. of the material of the 
ornament be 10,5, calculate the yolume of the cavity of the ornament, 
(HS, 69} [25 cm*], 

66. A gold ring fitted with a stone weighs 5 g in air and 4.25 g 
in water, The sp, gravities of gold and stone are 193 and 2.5 
respectively, Calculate the famcunt of stone in the ring. [1.41g] 

67. When equal volumes of two substances are mixed together, 
the sp. gr, of the mixture is 4,84. But when equal weights of the 
same substances are mixed together, the sp, gr. of the mixture is 
2.28, Find the sp, gravities of the two substances, [ 8.36, 1.32 J 

68, Two identical cylindrical versels with their bases at the 
same level each contain a liquid of density p, The height of the 
liquid in one vessel is h, and that in the otherish,. The area of 
either base is A, What is the work done by gravity in equilising the 
levels when two vessels are connected 7 (leds Len. 

[ Apg(h, <= h,)*/4 } 

69, A wooden plank of length 1 m and unifrom cross-section is 
hinged at one end to the bottom ofa tank. The tank is filled with 
water upto a height 0.5 m, The sp. gr, of the plank is 0'5, Find the 
angle ọ that the plank makes with the vertical in the eqilibrium 
position (exclude the case 9= 0°). (LI. 7.84) | 45°) 

70, A rubber ball with a mass m and a radius R is submerged 
into water to a depth A and released. What height will the ball 
jump up above the surface of water? Neglect resistance of air and 
water, Density of water is p. [ @aR*e—m)b/m ] 

71, A solid cubical block of side a, made of unifrom material of 
sp. gr S (>1), is held just above the water surface in a large vessel, 
the Icwer horizontal face of the cube just touching the water surface, 
Prove that when the cube-sinks down so that a depth x is immersed, 
the potential energy of water and the block increases: by 
W(x" — 2x as)/2 as, where W is the weight of the block, Show that 
the equilibrium position of the block when it is floating freejy 
corresponds to a minimum yalue of this potential energy. 

72, Two cylinders of same cross-section and length 1 but made of 
two meterials of densities p, and p, are connected togather to form a 
cylinder 21, If the conbination floats in water with a length 1/2 above 
the surface of water, show that ifp,>p, and the density of water 
be unity, then »,>3/4, Show also that the equilibrium is unstable 
if the heavier part of the cylinder is at the top, (J. E. E. 82) 

73. A solid floats on the boundary between two non-miscible 
liquids, The density of the upper liquid is p, that of the lower is p,. 
The density of the material of the solid is P (P,<p<p,) What 
fractions of the volume of the solid will be above and below the 
boundary of the liquids 7 P-P. P-P, ] 

Pa~ py Ps =P 
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14, A rodiof length 6 mhas'a mass of 12 kg.: It. is: hinged at 
onesend at ao distance of 3 m below of water serface. (i) What 
weight must betattached to the other end of the rod so that 5m of 
the rod are submerged? (ii). Find the magnitude and dircetion of 
the force exerted by the hinge on the rod.. Sp gr. of the material of 
the. rod = 0:5, (I. 1. T.°76) [233 kg, 5:67 kgf ] 

75, A flat bottomed thin walled glass tube has a diameter of 4 
em and it weighs 30g. The centre of gravity of the empty tube is 10 
cm above the bottom, Find the amount of water which must.be 
poured in the tube so that when it is floating vertically in a tank of 
-water, the centre of gravity of the tube and its contents is at the mid- 
point of the immersed length of the tube.  (LI.T. 68) [1106 g). 

76. When a body is immersed in three liquids of sp, gravities 
S, S, and S, respectively, its apparent weights are W, ,. Wg and Wg. 
Show that S.(ws —wa)+5,(W,—W,)+Sq(W; —W,)= 0. 

71. A body floats in a liquid of sp. gr. S, with a certain 
fraction f of its volume immersed, In another liquid of.sp, gr..S, it 
floats with a fraction (1—f) of its volu ne immersed, Show that the 
sp. gr. of the solid is $,S,/(S,+5S,). 


IL-6 (Pneumatics and atmospheric pressure) 


[A] Essay type questions : 

„l. ‘Gases have weight and exert pressure’—explain the statement 
with suitable experiments, 
: 2, What is meant by atmospheric pressure p How do we express 
it? What is‘meant by standard atmospheric pressure 7 

3. How did Torricelli prove that it is atmospheric’ pressure 

which Supports a column of mercury in an evacudted tube » What is 
Torricellian vacuum 7 


4, What is a barometer? Describe a Fortin’s barometer and 
explain how atmospheric pressure can be measured with it, 


5. What are the requisites of a Suitable barometric liquid p How 
can height be measured by noting change of pressure ? 


[B} Short answer type questions ; 


6, ‘What do you mean by standard atmospheric pressure 7 
7, What do you mean’ by the height of homogeneous 
atmosphere 7 ‘What is its magnitude 7 
- 8 How .can weather forecasting be made from barometric 
_ observation ? 


Tu’ 
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_ 9. What are the advantages of using mercury as‘a barometric 
liquid ? 

10, What are the disadvantages of using water as a barometric 
liquid 7 

11, What is Torricellian vacuum 7 Is it petfectly vacuum p 

12, “The atmospheric pressure at a place is 760 mm of mercury” 
—wWhat do you understand by this statement p (H. S. '78) 

13. A glass tube 1 m long and closed at one end, is filled with 
mercury and then inverted over a trough of mercury with the open 
end dipping into the mercury in-the trough, in a -vertical‘position— 
Explan with reason what will happen, Is there be any difference if a 
wider tube is taken, 

Further if the glass tube is gradually filted what will happen to the 
mercury column 7? 

14, Is Archemedes’ principle applicable to gases? Illustrate 
with suitable experiment. 

15, A large glass bulb is balanced by a small brass weight in a 
sensitive beam balance, State and explain what will happen when the 
balance is covered by a bell jar which is then evacuated (I, I. T. '72) 

16, A ball floats on the surface of water in a vessel exposed to 
atmosphere, Will the ball remain immersed at its former depth or 
will it sink or rise if the vessel is covered and the air is (i) temoved, 
(ii) compressed 7 

17. A hallow glass sphere, containing atmospheric air, is weighed 
in air by a balance, The sphere is then broken and the broken 
pieces are carefully collected (none being lost) and weighed again 
in air, Will there be any difference in the two weights? Give 
reasons for your answer, (J. E. B74) 

18, A- thin-walled balloon weighs equaly when. deflated and 
inflated with air, Why it is sop If the weighings are done in 
vaccum, will they be equal p 

19. Why it is necessary to mention the temperature, latitude and 
height relative to sea level in defining atmospheric pressure, 

20, How does the reading of a barometer change if it is within 
a vessel from which air is sucked out by an exhaust pump 7 

21, A gas ballon rises upwards gaining both kinetic and potential 
energy, Does this imply a violation of principle of conservation of 
energy ? Explain your answer with reasons, 

22, How do you account for the facts that one kg of cotton 
appears to be lighter than one kg of iron 7 

23, What would you conclude if you observe that (i) the 
height of the mercury column of a barometer. is steadily increasing, 
dii) the height of-the mercury column decreased abruptly, 
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24.. A man carries a tyre tube and decides to make it lighter. 
He inflats the tube thus increasing the volume. Will his aim be 
achieved 7 


[C] Numerical Problems : 


25, If the height of a mercury barometer is 75 cm, what will be 
the height of a water barometer p Density of mercury = 13.6 g cm™?. 
{ 10.34 m } 

26, Find the magnitude of the atmospheric pressure in the c. g. s, 
system, ‘g’ at the place=980 cm s-* and the density of mercury 
= 13.6 g cm~’, (H. S, 61) [ 1.013 x 10° dyn cm-* ] 


27, If the height of water barometer be 32 ft, ard will be the 
height of glycerine barometer 7 sp. gr. of glycerine = 1.25. 

: $ ; ( Tripura H. §, 80) [ 25.6 ft] 

28. A toy balloon is to be filled with hydrogen ( density 
=0,09 gi-* ), When empty, the balloon weighs 5.8 g. What volume 
in litres of hydrogen at normal pressure is required to make the 
balloon just rise when the density of air is 1,25 gl-? ? [5 litre J 


29, The materical of a balloon weighs 100 g. It is filled with 
hydrogen at atmospheric pressure, If the volume of the balloon is 
100 litre, calculate the tension in the cord with which the balloon is 
attached to the ground, Given density of air at atmospheric pressure 
= 1 29 gl-*, density of hydrogen at atmospheric pressure Rir] 

0 gf. 

30, A barometer is used to determine the height of a mountain, 
It was observed that the barometer reads 760 mm at sea level and 
667. mm_ at the top of the mountain, Assuming the average density 
of air to be 1.24 gl-? and deasity of mercury to be 13.6 g cm=", 
calculate the height of the mountain. [ 1020 m J 


31. A barometer reads 760 mm at: the ground floor of a tall 
building 102 m high. What will it read at the top of the. building ? 
Density of mercury = 13,6 gcm-° and that of air (average) = 1.24 gl71. 

507 mm } 

32, A balloon is descending with a uniform acceieration a (<g). 
Weight of the balloon with the busket and its contents is W. What 
weight of the ballast should be released so that the balloon will begin 
to rise with the same unifrom acceleration a? Neglect air resistance. 


[ 2Wa | 
eta 

_ 33. A balloon filled with hydrogen has a volume of 1000 litre and 
its mass is 1 kg, What would be the volume of a block of a very light 


material which it can just lift? One litre of this material has a mass 
of 913g,  ( Density of air=1,3 gi-*)(1.1T,'75) [3.33 litre J 


EXERCISES 201 


34, The height of a barometer is 30 inch and the Torricellian 
vacuum’ above mercury column is 1 inch long, A quantity of air 
which occupies 1 inch of the barometer tube under atmospheric 
pressure is introduced into the barometer. What will be the height 
of mercury column in the barometer now 7 [ 25 inch ] 


35, When a faulty barometer reads 285 inch and 29,5 inch, 
a true barometer reads 29,5 inch and 30,7 inch respectively. What 
is the true barometric height when the faulty barometer reads 
29.9 inch 7 [ 31.2 inch J 


36. A botue with its mouth down-words in sunk into a pond, 
Initially the bottle contained 320 cm® of air and the weight of the 
empty bottle is 400 g and the density of glass is 2,5 g cm=*, When 
the bottle is taken to certain depth and released, it sinks and does 
not float up, If the atmospheric pressure be 10,5 m of water, show 
that the depth of the pond is greater than 3,5 m, (J. ELE, 69 ) 


37, Find the depth of the lake such that an air bubble diminishes 
to half its volume at the surface, the atmospheric pressure is 76 cm 
and density of Hg =13°6 g cm=8, { 1033*6 cm } 


38, A vertical cylinder of total length 100 cm is closed at the 
lower end and is fitted with a movable, frictionless, gas-tight dise at 
the other end, An ideal gas is trapped under the disc, Initially the 
height of the gas column is 90 cm, when the disc is in equilibrium 
between the gas and the atmosphere, Mercury is then slowly poured 
on top of the dise and it just starts overflowing when the disc has 
descended through 30cm, Find atmospheric pressure, (L1.T, °71) 

[76115 cm Hg } 


39, A bottle whose volume is 800 cm® is sunk mouth down- 
wards below the surface ofa pond, How far must it be sunk for 
300 cm? of water to run into the bottle? Given barometric 
height = 76 cm Hg and density of mercury =13'6 gcm-®, [62m] 


40, An ideal gas is trapped between a mercury column and the 
closed lower end of a narrow tube of uniform bore. The upper end 
of the tube is open to the atmosphere, The length of the mercury 
and the trapped gas columns are 20cm and 43cm respectively, 
What will be the length of the gas column when the tube is tilted 
slowly is a vertical plane through an angle of 60° 7 [ 48 cm} 


IL-7 (Some hydrostatic and pneumetic appliances) 


[A] Essay type questions : 
1, Explain the action of a Siphon, For what purpose is it used p 
Under what conditions does a siphon fail to act p 
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2. Describe the action ofa piston pump that can draw water 
from a-well.: Why is there a limit to the depth of the water level up 
to which the pump will act 7 

How’ would ‘you alter the construction of the pump so that it can 
life water to heights greater than the above limit 7 

3, Describe the actions of a vacuum: air pump and an air 
compression pump, Why should the valves of air pump be light 7 


[B] Short answer type questions : 


4, Can a liquid be raised’ to a vessel placed at a higher level with 
the help of a'siphon 7 


5; Cana sipnon work in vacuum 7 


6, Explain why water in the bottom of a floating boat cannot be 
siphoned over the side, 


7, A'small hole’exists on the longer arm of a siphon. Show that 
aon S siphon will function of not'is determined by the location 
of the hole, 


__ 8. )What is the highest limit of vacuum that a (i) vacuum pump 
(ii) » rotary pump can produced p 


_ 9. If the atmospheric presseure changes, will the rate of flow of 
liquid through a siphon undergo any change ? Explain your answer. 
(H. S. ’82) 


10, Can an''enclousure be completely evacuated by an exhaust 
pump? 


‘11, Sometimes a suction pump does not work properly. But 
‘when some water is poured on to the top of the piston, the pump 
starts working, Why 7 à 


_ 12, What modifications will render an air exhaust pump into a 
bi-cycle pump 7 


{C] Numerical Problems : 


13,, A liquid of sp. gr. 1,7 is contained in a tank of height 23 ft. 
Calculate the minimum height for:which it is just possible by siphon 


action to bring the liquid out of the tank, Atmospheric pressure 
= 30 inch Hg, [3ft] 


14, © The two arms òf a siphon having an internal rádius of 1 inch 
and 20 inch in length respectively, The shorter arm is immersed in 
a liquid upto a depth of 6 inch, It g=32 ft s-* find ‘the velocity of 
f flow of. the Jiquid and also the volume of the liquid discharging 
through the siphon in-1-second, [ 8 ft s-2, 0.174 ft? J 
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15, The cross-sectional area of the vessels X and Y are 
respectively 75 cm” and 150 cm*, The yessel X is 4 cm higher than 
the vessel Y, 1.5 litre of water are poured in the vessel X and 
0.35 litre in Y. What is the maximum amount of water that can be 
siphoned out from the vessel X to the vessel Y 7 [ 0.80 litre } 

16, A lift pump is used to lift oil of sp, gr, 0.8 through a 
maximum height, Find the height if the mercury of the barometer 
stands to a height of 76cm, Density of mercury = 13,6 g cm78. 

[ 12.92 m] 

17, When the piston of air pump moves 5 times the pressure 
reduces to 25inch from 30inch, What would be the pressure after 
15 stroks 7 [ 17.36 inch J 

18, A rubber bladder is in a completely deflated state When 
the air pressure in the bladder becomes equal to and double than the 
atmospheric pressure, its volume becomes 1000 cm® and 1200 cm® 
respectively. An air compression pump, whose barrel has an effective 
volume of 200 cm” is connected to the bladder, How many strokes 
of the pump will be necessary to make the air-pressure in the bladder 
equal to and double than the atmospheric pressure ? [5,12 


19, After four strokes, the density of the air in the receiver of 
an air pump is found to bear to its original density the ratio of 256 to 
625. What is the ratio of the volume of air in the barrel and 
receiver ? (134) 

20, The volume ofa bi-cycle tube is 100 inch® and that of its 
barrel is 10 inch, How many strokes will be necessary to make the 
pressure of the tube double than that of atmosphere 7 It may be 
assumed that when inflated, the volume of the tyre increases by tir) 

2i, If the volume of the barrel of a vacuum pump is 1/3 of the 
volume of the vessel to be exhusted, what fraction of the initial 
pressure will remain in the vessel after 5 strokes 7 | 0:237 ] 

22, Ifthe volume of a receiver of an air pump is n times that of 
the piston, after how many strokes would the densisy of air be 
one-third p [3 

_ 23, A bicycle pump is used to pump air into the tyre ofa 
bicycle, The volume of the tyre is 2 litre, If the cross-sectional area 
of the pump be 5 cm® and the length of each strokes of the piston be 
20 cm, what will be the air pressure in the tyre after 40 strokes 
Initial pressure of air in the tyre was 75 cm Hg. [225 cm Hel 
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PART Ill 
VIBRATIONS AND WAVES. 


MIA 


p 
Simple Harmonic Motion - 


I-14, Periodic motion. All motions in the physical world is - 
either linear or periodic. In Chapters I-1.1 to I-1.4 all motions discussed 
had, been linear, In. the following two, they have been rotational, 
The latter motion repeats itself after definite intervals of time ; they are’ 
Periodic. There are plenty of others; in fact most of the motions wo 
come across are such. Spinning of a top or our earth, motion of planets 
and satellites, electrons in an atom, your journey to your school, and 
back or your heartbeat, all types of vibrations, whirring of your fan 
blades—their number is endless. The simplest of them is the 8.H.M. 

1J-1.2, Simple harmonic motion, The relation . between.. the 
particle displacement and the time required for it, may be quite complex ` 
ina periodic motion. , It depends on the acting forces, that produce the 
displacements. The motion in which the above relation is the simplest is 
called simple harmonic motion or S.H.M. in brief (already introduced 
in § 5.9). Besides, any ‘periodic motion however complex, may be 
expresséd as the sum (ór Superposition) of the right number of S.H.M.s 
with appropriate amplitudes and frequencies. (This result, is known as 
i Fourier's theorem: but the theorem cannot be intelligently discussed ati 
this stage of our study.) 

Definition of S.H.M. It can be defined in two ways; iinomatio ond 
| kinetic — 

(i) The projection of a uniform circular motion on any Pry is 


l called a simple harmonic fpr o gi 
motion. We have barnt that 4 mS z =e 
in § 1-5.9. PEED et 

Gi) If a particle is (P) ig. IIT- 

( acted on by a force. (F) proportional to the particle displacement (x) 


and is always directed towards the normal position of rest (0) of 
| 
1 


2 8. H. M. 
the particle (fig. IL1.1) the motion that occurs is called simple 
harmonic motion. This is the kinetic definition. (A force of the 
above kind is called a linear, restoring force. By the term ‘linear’ we mean 
propotional to particle displacement. ‘Restoring’ means trying to bring 
the particle back to its normal position) Look up eqn 15.10.10. 

The two definitions look very different, but both represent the same 
motion, and we can go to one from the other. The first one gives the 
characteristics of the motion very easily, but does not say anything about 

_ the nature of the force; that causes the motion. It is the kinematic or 
_ geometrical definition. The second definition deals with the nature of 
_ the foréé causing the motion. It is the dynamical or physical definition. 
To the beginner, the first definition is more helpful. But to the student 
of physics who has advanced a little in the subject, the second definition is 
“better. In older textbooks, SHM was generally introduced by presenting 
ET ) P 
-the characteristic features of its motion. Then it was shown that the 
bi projection of a uniform circular motion has that character. That is what 
we have done before. But this approach should no longer continue 
SHM should be defined kinetically or dynamically and the characteristics 
determined from the definition. i 

Characteristics of S.-M. From the kineti¢ definition, it follows 

that ' i 
y + y 

(i) the force being a restoring one, it must always be opposite in 
direction to that of the displacement and — 

(ii), the force being linear, it must be proportional to its. displacement 
from the equilibrium position, Eqn I-5.10.10 shows that F= — mo w, 

These properties lead to.the facts that follow— f 

Git) Motion must vanish at a certain displacement from the mean 
position which may be on either side of it, This means that) the motion 
must be periodic andyrectilinear ive. repeating aloñg aà straight line: 

(io) At the ae displacement (t=a) velocity is zero-and the 
restoring force maximum. Eqn’ 1-5.10.18. has givens 

v=o Jat =r? 
j T11-1.3. Differential Kanatan of S.H.M. and its Solution : We 
can straightway convert the kinetic:definition into a diffe rential equation 
for 8.H.M. 
It æ is the displacement at any instant, we thay writé 
P= = ke ({1-1.8.1) 
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where Fis the forve acting at that moment, and k, the factor of propor- 
tionality between the force and the displacement. & is therefore, the 
Spring factor or force const i.e, the force per unit displacement. The 
negative sign. indicates that and « are oppositely directed, 

_ But force =mass X acceleration. , In} writing an equation of motion, 
the acting forces are equated to the inertial reaction (ie., mass 
acceleration). 


F=m a” where m is the mass of the moving: body, 


di 
We, therefore, have as the equation of motion 
do dia Ow) vou iga Vipole 
mq ke ie ea oe (writing w” for k/m) 
y H (at ae a \ me 
ence -gato s=0 (IIE-1,8,2) 
‘To ‘solve this equation multiply both quantites by 2 da/dt. 
Denoting instance veldcity by v, we have vat and ae ude de 
x f VEN 
RIIN A, a 5. de Wai ya odie if 
fe GGT eae vot 20 : ar at p 


ori is g we wh, (e*). Integrating we get i A 

do? =o m +O or v 2 wt bO 
where O is the integration constant. To find its value let =a when 
%=0, (From the known nature EREA “we can identify a as the 
amplitude). =- eee galt 

i COPA Rs dor 02d. a. 


Hen’, v=+ Vo (a? =s) or te Ja? =n 


Oe egy Oe AAE 


Jaa) ai NAs a 
Taking, the expression with the positive sign and integrating, we get 
sin™* Foote or @=a sin (wt +6) [Refer to eqn 0+2.7.7] ° 


ane € is an integration constant. 


* This the well known differential equation for 8.H.M.. In your Maths Paper 
TI you shall follow this deduct'on. 


2 S, H. M. 
the particle (fig. IF1.1) the motion that occurs is called simple 
harmonic motion. This is the kinetic definition, (A force of the 
above kind is called a linear, restoring force. By the term ‘linear’ we mean 
propotional to particle displacement. ‘Restoring’ means trying to bring 
the particle back to its normal position) Lookup eqn 15.10.10. 

The two definitions look very different, but both represent the same 
motion, and we can go to one from the other. The first one gives the 
characteristics of the motion very easily, but does not say anything about 

ye nature of the force’ that causes the motion. It is the kinematic or 
_ geometrical definition. The second definition deals with the nature of 
* the foree causing the motion. It is the dynamical or physical definition. 
I 
_ To the beginner, the first definition is more helpful. But to the student 
of physics who has advanced a little in the subject, the second definition is 
better. Tn older textbooks, SEM was generally introduced by presenting 
he characteristic features of its motion. Then it was shown that the 
y projection of a unifòrm circular motion has that character. That is what 
we have done before. But this approach should no longer continue. 
BHM should We defined kinetically or dynamically and the characteristics 
determined from the definition. 

‘Characteristics of 8. HLM. From the kinetic definition, it follows 
‘that 

©) the force being a restoring one, it ihust slwaye'bS “opposite in 
direction to that of the displacement and 

(i), the fore, boing linear, it: must, be proportional to its displacement 
from the equilibrium position, Eqn I-5,10.10 shows that F= — moe. 

These properties lead to.the facts that follow— ; 

‘Gay Motion must vahish at a certain displacement from! the meai 
eon which may be on either side of it, This means that the motion 

j <i o: periodic and rectilinear ije. repeating along a straight line» 
(iv) At the farthest displacement (w=a) velocity is zero and’ the 
‘restoring force maximum. Eqn’ I-5.10.18. has givenud 
v= Jai =g? 
sa . gee oma T of S.H.M. and its Solution; We 
y pA way convert the kinetie:definition aba a diffe rential equation 
y It @ is the displacement at any instant, we may write 
ee (111-1.8.1) 


© 
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where F' is the force acting at that moment, and k, the factor of propor- 
tionality between the force and the displacement. & is therefore, the 
spring factor or force const ie. the force per unit displacement. The 
negative sign indicates that-F and. are oppositely directed. 

But force =mass X acceleration. In’ writing an equation of motion, 
the acting forces are equated to the inertial reaction (i.e., massX 
acceleration). 


) 


F=m pa where m is the mass of the moving: body, naeclg 


We, therefore, have as the equation of motion 
a k 


m ~= ka or r= k a atn (imitis "a w A 
dt dt 
J 2 Ps i 
Hence 8 +a%e=0% (111-1.8.9) 


“To solve this equation multiply both quantities by Í da/dt. 


Denoting instantaneous velocity by v, we havé a and ve ih 


3 
=o To 
aa Bb epenn act 
or S oe ott e% Inte we get 
do? sabi 2g? +30 on v= aie EHO i 
where C is the integration constant. To find its value let «=a when 
»=0, (From the known nature Bend ‘we can identify a as the 
mie shay ITET feo 
-A DEEA TR Ono" at, ( ] 
A 2 r ii n CH 
Hea ort Jo lat =a j, jor a toa T 
E da 
ot Peay Eaa A 
Taking: the expression ; with the positive sign and integrating, we get 
sin7? 2=ot-+e or =a sin 1 (we +4) [Bater to pols 0-2. 17 


where € is an MEAS constant. 


* This the well known differential equation for 8.. H. M. In your Maths Paper 
It you shall follow this deduct on, - 


4 SAM 
With the negative sign we are Jed, on integration, to the result 
cost a ite or =a cos (otte). [eqn 0-2.7.8] 
Thus the solution of the differential equation gives the displacement 
į i @=a sin (otte) (III-1.8,8) 
ëi 1o M EO o @=a cos (wt 6) (IT-1 3.4); 


Look up equations I-5.10.3 and 4. Clearly a is the amplitude and € the 
phase angle at the initial moment, the'two integration constants arising: 
out of two integrations. 


At 


<. velocity r= moa cos (at) 


ONE Tor Vo*[1—sin*(ot+6]=0 Na* =e? (1-1.8.5) 
and acceleration f=4——o%asin (atte) =- o's (L38) 


Seo thatthe solutions, are. same as equations 1-5,10.7. amid I-6.10.8. 
In §1-5.10 we'had statted with expressions for displacement of S.H.M. and. 
ended up in'that for the force, Here ‘we have just gone the reverse way. 
Hence the twodefinitions of S,H.M. we started with, are entirely equivalent. 
In fig 01-1.2 are shown their graphical" gepresentatiohs, If the particle 


starts from D and moves towards A (equivalent to D towards B) the 
the sine curve occurs; i.e, at #=0, 


b~ t 


=a. On the other hand, starting from. 


o Fig I2 an 
A and moving towards’ D  (étuivalén 
cosine curve; ie. at t=0,%=0, 


t to moving from B to D) it is the 
Time-Period in S.H.M. The motion analysed is periodic. Tho 

periodic time is given by E NNAS Ta 

AAT AAP 


z ie _ (1.3.7) 
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y: 7 mass of the moving body_ 
Tmel N force per unit displacement (HI-1.3.8) 
=In | Inertia factor Rad 
spring factor TI-1.3.9) 


ey Tage edo 
FN J acdélération at unit distance 

To prove it lett increase by 7=2r/o. If the values of œ at the 

instants ¢ and ¿+T be represented by a; and a47, we have 
maasin (otte), ydh 
andio wrar =a sin folt T) + e 
=a sin (ot+ Qn +e) 
=@ sin (lotte) =g. 

So, the values of æ repeat themselves at intervals of 7=2n/w. In 
the same way it may be shown that the values of the! velovity o=da/dt 
repeat themselves after the same interval. 

Example III-I.1_ A body.in 8.H.M./bas an amplitude of ñ cm and a mass 
of 10 g. The restoring force acting on it at the end of its swing i is 1000 dynes. 
Calculate'the periodic time. _ f 

Solution: The restoring force per unit displacement= 1000/5=209 dynes. 

Hence the acceleration at unit distance 200)10= 20 cm/s*. 

11.1.4 Examples of S.H.M. In many physical problems we find 
linéar restoring forces. Remember that the motion in all such cases will 
be. simple, harmonic, with periodic times given. by Bq IfL-1.8.7, to Higa 
number of such examples are discussed below. 

G)” The simple pendulum, A heavy particle suspended by a 
weightless, inextensible and perfectly flewible string constitutes a simple 
pendulum. We. have already disoussed this motion, before, in fr 5.1L and 
deduced the time period of vibration in equations 0-1.9,1 and 1-5, 11, 1 

(ii) Compound pendulum. Ina simple pendulum conditions are 
idealized. The mass is considered concentrated ata point. The string 
is weightless, inextensible and perfectly flexible. 

‘Such conditions cannot be realized in practice. In all actual cases 
where a body oscillates in the manner of a pendulum, the mass is distri- 
buted and not concentrated. 

Any rigid body capable of oscillation about a horizontal awis under 
gravity is a physical or compound pendulum. Let the axis pass 


(IIT-1.3.10) 
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through O (Fig. II-1,3) at a distance 1 from the centre of gravity G of the 
© body (OG=1. It 0° is the angular 
displacement of the body at any 
moment from its equilibrium position, 
and m its mass, the restoring force 
is mg sin 6. The restoring couple: 
is, therefore, mgl sin 0. Let I be 
the moment of inertia of the body 
about the axis of rotation through 0. 
Since, for a rotating body, moment 
—mHC0SE of inertia X angular acceleration. 
=couple acting, we may write 


2 
I a =~ mgl sin 6. 


i The negative sign indicates that 
Hgt Fig 011.3 the couple and the displacement 


are oppositely directed. When @ is very small, we may replace sin 6: 
by o (in radians). The above equation then reduces to 


2 
Too =— mle. or. 152+ malo=0 or, atime 


a 
The periodic time =2/a=2/ Jing] 
4 ; 
tiie, = 2% JTimgl (-1.4.1): 


Bx. IIEL? Two simple pendulums of lengths 24 in. and 25 in. respectively 
hang vertically, one in front of thé other. It they are set in motion simulta- 
neously, find the time taken for One to gain a complete oscillation on. the other 
(g=82 ft/sec*.) 


"Solution : Since To Ji, we shall have 1,*/T,*=1,/l,=25/24. Ié coincidence 
occurs after n oscillations of the slower, Ty.n= T(n +1) or 13/7, =(141)n)2. 

ss C+ Ifa)" = ]t,=25/24 oF (141/n)= NITI 

~._n=48. The faster will have executed 49 oscillations, For the faster, 
1,29) 3/38 — 2/2—157 sec, | The Tequired time=49 x 157=77 sec nearly. 


(iii) Motion of a vertical loaded elastic string. We have already 
discussed the vibrations of a spring in Chap.II-8,. Consider a string 
of length Z and negligible weight hanging Vertically from a fixed support. 
and having a load of mass M at its lower end. The string extends some- 
what, and the increased tension in it supports the load, as we have seem 
already. ! 
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Tet the load be pulled downwards through & small additional vertical 
distance @ from this position (fig. III-1.4). The | 
string will exert a` ‘restoring pull on the load 
which, for small extensions, is proportional to 
the extension (by Hooke's law)., The additional 
upward pull on the load will therefore be, sx, 
wheres is the pull per, unit extension of the 
string. If the mass M stretched the string 
initially by a length a, then Mg=sa where sis 
the spring const i. e. force per unit displace- 
mente. The acceleration, At. unit. ex tension is 
s/M=g/a, Hence'from Bq. II1-1.3.7 the period 
P=2n/ Jgja=2r Nalg (M11-1.4,2) 
The mass M executes an S.H.M. about its | 
normal position of rest’ with this periodic time, 
which equals that of a simple pendulum of length a. 
Ex. IJI-1.3 A body of mass 100 g stretches a vertical spiral spring by 
0.5 om. If it is set into vertical oscillations of small amplitude, what is the 
periodic time of the oscillation ? } 


Solution : Assuming that the extension of a spring is proportional to the 
force, the force required to produce an extension of 1 cm is 100 gm-wt/0'5 
=200 gm-wt=200 g; dynes. Hence the acceleration of the body, at, unit, 


g: II-1.4 


) 


distance=force/mass=200g/100=2g. 
J. Time period=2n/ 37 
Ex. I-14. A point mass m is suspended froma massless wire of length 
l and cross section A. ‘If Y is the Young’s modulus for the material of the wire 
find an expression for the frequency for vertical 8.H.M. (LLT. '78} 
Solution : From the foregoing analysis you establish; that 


ui a mg A 
T=2r Jajg. Now by definition Y: far 
<. algaml[YA or T#2e¥ mY 
ey nait- PA 
or Frequency n 1/7 D Na 

Ex, I1L-1.5. A mass M at the end of an, clastic thread executes a vertical 
S.E.M. With an additional mass m, time period changes in the ratio 5/4. Find 
the ratio of the masses. 

Solution: Ifa, and a, bethe initial elongations of the thread due to the 
masses M and (M+m) and the corresponding periods are 7, and 7, then from 
eqn TIT-1.4,2 we have 

1,[7,=4]5=Na,[a, OF %[4,—16/25 


8 SH. AM. 


Again if A be the cross-section, ¿the length and Y the Young's modulus of 
the material of the thread then 


a Mgil¥. M 16 A 
ati FAU A Mm æ % mIM=9/16 
Ex. II-1.6. A motor car has a mass of 1000 kg while of a passenger the same 


is 60 kg. When the person gets in, the C.G. of the car is depressed by 0.3 cm. 
What is the frequency of the empty car ? [ J-E.E. '84 ] 


Solution : The spring const. he Fla = 08S =196x 108 N/m 


Í Now frequency =7= VHM 1 16% 10" 2.22/3 


„Ex, II-L? A mass attached to a spring oscillates in 2s. If the mass is 
increased by 2 kg, the*period increases by 1s, Find the initial mass if Hooke’s 
law holds, LELT. '79] 


Solution + Let the initial mass be M; -Ifis acceleration is f then 
Mf=~ke from Hooke's law where k is the force constant, Now then 
f= ~(k/M)x and so Pm Qe JMR 


Again Tery impli or 1! Tm3/2— NMM 
: ia ii (g-e? or M=1.6 kg, 


find also the maximum velocity. (Ans, 817 ¢.; 12.5 cm/s. ) [J-E.E. 79] 


(iv) Floating cylinder. Consider a cylinder of mass M and area 
of cross-section « floating vertically in 
a liquid of density p, being immersed to 
a length 7. If it is depressed a distance z 
below. its position of test, it will displace 

i further mass «zp of the liquid and hence 


This is a restoring force which is 
proportional to the displacement. The 
resulting — motion is, therefore, simple 
harmonic. The force Per unit displacement 
is «pg. From Eq. TIT-1.3.8., the periodic 
time is given by 


oo Say Pratl 
FLN a T aft (TIT-1.4.3) 
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Due to. viscous friction with the liquid, the motion of the cylinder 
falls off rapidly in amplitude, and soon dies out, Time period is that of a 
simple pendulum of length’ equal to that of the immersed length. 


Problem; (i) A. test-tube of external diameter 2cm. and weighing 4g is 
floated vertically in water by placing 12 g of mercury in the tube. Find the time 
of oscillation when the tube is depressed by a small amount and then releassd. 

[ Hint. Area of cross-section=2".cm?. Depth of immersion /=16/x cm] 

(Ans. 0,45s ) 


(2) A rectangular wooden block of 10 em? cross-section floats with 200 ce. of 
it below water, Find its period of vibration. (Ans, 111s) [J.E.E, ] 


(v) Liquid in a U-tube, Let there be a column of liquid of total 
length J in a U-tube of uniform cross-section 
«x. If p is the density, the mass is 
«lp gm. When the liquid in one limb 
js depressed by æ om, a difference of height 
of 22 cm isset up The weight of this 
‘head’ of liquid is 2axpg dynes. It acts 
as a restoring force and is proportional to 
the displacement (fig. ILI-1.6). 

The motion of the liquid column is, 
therefore; simple harmonic, The mass 
moved is «lp gm, while the restoring force 
per unit displacement is 24g dynes. Hence 


by Eq. II-1.8.9 the periodic time is i 
r= a= L. (111-144) 
Ve V5 


As in the previous case the motion is quickly damped out. 


Problem. Mercury of density 13.6 gm/cm* is contained in a U-tube with its 
arms vertical, Neglecting damping find the time of oscillation of the mercury 
if the total length of the tube occupied by mercury is 80 em. If the area of 
cross-section of the tube is 2cm?, find the energy of the motion when the 
amplitude is 5 cm. [Ans 0,788; 6.7x 10° ergs. ] 


(vi) Gas enclosed in a Cylinder under a Piston, Let an ideal gas 
be enclosed in a cylinder under a piston as shown in fig. ITT-1.7, Let at 
a certain instant the piston be in equilibrium with the gas under it. The 
piston is slightly depressed and then let go ; the increased pressure pushes 
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the piston upwards ; as it rises the volume of air increases, pressure falls. 

è This developes- into a restoring force proportional 
to displacement and a vertical oscillation results, 
very much like what would happen if you jump 
down on a cushion. The enclosed gas undergoes. 
alternate condensations and rarefactions, Let 
the volume and mass of the gas be V and M 
under atmospheric pressure P. 


(LLL 


LMS TTL Efe 


A. Let the change be isothermal, with rise 
in pressure dP of the enclosed gas and dimi- 
ninution in volume (—dV). By Boyle’s Law 
Fig 1.1-7 PV=const. or, P.dV+V.dP=0 
or, dP=—Pdv/V 
Now if « be the area of cross-section of the cylinder and y the displacement 
ef the piston the dV=ay 


es ts. y= a 
_ Now the unbalanced force on the piston is 4P. Acceleration 


{3 Tu= 2-2 JUV/P ’ (TIT-1:45a) 


B: Let the volume change be made adiabetic by enclosing the ideal 
gasin a cylinder of perfectly insulating material under a similar piston 
‘and of cross section A, Then the relevant pressure-volume relation becomes 

PV” =const. where ¥ is the ratio of specific heats 
Then VaP+yy -Day po 


A 
pP ypys 
As abo == - 14, 
8 ve M MY 
: —27 /MV 
or, Tan IN. ae (11-1.4.5b) 


Problem : An idcal gas is enclosed in a vertical cylinder and supports a freely 
moving piston of mass M. The piston and cylinder are of same cross-section A. 
A pressure is P, and the volume of the enclosed gas V, under 
equilibrium conditions, Assuming the system to be completely isolated from its 
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surroundings show that the piston executes S.E.M. and find the frequency of 
Pine k 1 7g) ‘ 
oscillation, (Ans ne SEE [LI.T. ’81] 


[Hint: The downward pressure exerted by the'piston:on the enclosed gas is 
Mg/A that is equal to the pressure exerted upward on the piston by the enclosed. 
gas. ] 

(vii). Body suspended by a wire, Consider a rigid body suspended 
from one, end of a thin. vertical wire, the axis of the wire passing 
through its ©.G.. If, instead of displacing the body laterally, we 
twist the body-a little about. the axis of suspension and let it go, it 
will execute angular oscillations about the axis. Such a motion is known 
as torsional oscillation... See fig TI1-2.2(c). 

When the wire is twisted by applying of a couple to the body, 
the wire tends to. untwist itself and thereby exerts a restoring couple 
on it. If the. twist does nob exceed a“ limiting . yalue, (which is 
pretty large for thin wires) the restoring couple is proportional to the 
twist, Then the body executes torsional oscillations that are simple 
harmonic in nature. Such a motion is called angular simple harmonic 
motion. : Tt is of much, practical importance. 

Let @ be the angle of the twist at any instant. If ¢ is the restoring 
couple for unit twist, c0 will be the restoring couple for a twist 0. If T 
be the moment of inertia of the body about the’ axis of twist, the 
equation of rotational motion of the body will be given by the relation 


ra = TIL-1.4.6 
T AN (11-1,4.0) 


You shall recall these results when discussing movementë of the coil 
in suspended coil galvanometers. 

(viii) Horizontal bar magnet 
(fig. I1-1.8). When „displaced 
from its position of rest in a 
magnetic north-south direction 
by an angle 9, the magnet 
experiences a restoring couple 
MH sin @, which for small values 
of may be written as MH. Fig. 111-18 
Tts equation of motion is, therefore, given by 


_ pbba- oa ee 
1 ge MEOT, ar/ IE (TH-1:4.7) 
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The motion will be simple harmonic with this periodic time. 

Note that M = magnetic moment of the bar magnet and 
#H=horizontal component of the earth's magnetic field. I is the moment 
of the inertia of the magnet about the axis of rotation. 

Problem. A suspended magnet of magnetic moment 1200 cgs units and of 
moment of ‘inertia 2600 gm cm* is allowed to oscillate in the earth's horizontal 
field of streugth 0-34 oersted. Find the periodic tme: (Ans: 15°58) 

When discussing determination of H, the horizontal component of 
earth’s magnesic’ field with a vibration magnetometer you shall have to 
refer to this result.» 

_ (ix) Time to cross the earth through a tunnel, Stipposé a smooth 
gy Straight tunnel is bored through the 
center of the earth and a body is 
dropped into it. Assuming the earth to 
be a uniform homogeneous sphere 
and the motion of the body to be 
unimpeded by any resisting force, we 
can show that (i) the body will execute 
S.H.M., (ii) find the periodic time of 
the motion. It is also independent’ of 
the direction of the tunnel. Buf 


Ha Fig. TT-.19, 
‘we do not consider’that. 

In the figure III-1,9 let the hody be at @ at any moment. It 
experiences a pull towards O, the centre of the earth. This pull is the 
gravitational force of attraction between the body and the sphere of 
radius OQ. The spherical shell of thickness CQ does not contribute 
to this pull. 

Let m= mass pf the body, p=density of the earth considered as a 
epi sphere, and OQ=e. Then the forco, acting on the body 
at Q is y 

=G X mass of the sphere of radius æ X mass of the body/æ? 

=G frap X m/e" =G pme. 

This force is constantly directed towards O, and is proportional to the 
distance of the ‘body from 0, Taking O as the origin of co-ordinates, 
We can write the equation of motion of the body, as 

mf=-G$rome or f=—Gte px = -og 

s 
where w*=Gfep =le The periodic time the is 


y zw 8 
i TETA EG, + (IIL-1.4.8a) 
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Ifig is the acceleration due to gravity at the surface of the earth 
g=4G7R*p| B® =4$G7Rp where R is the radius of the earth. 
R- sy Soe JB 
Bae Benes T= CAVA 5 (WII-1.4.8b) 
Note that the periodic time is the same as for a small satellite (s) going: 
round the earth close to its surface, The motion through the tunnel is 
the same as the projéotion of the circular motion of the satellites on the 
earth diameter coinciding with the’ tunnel. See eqn. I-1.16.3. 


If numerical values of G and p or R and g are known, 7’ can 
be calculated.. Taking R=4000 miles and ¢=980.etn/seo", values which 
are often to the remembered, 


X 1760 8 X 80. 
T=%n {1000 1 ae 8 Rep 
=5082 seç. =1 br. 24 min, 42 sec. ja (TI-1,48c)) 
il-1.5.. Phase in §.H.M. The concept of phase is very important. 
in connexion, with, propagation and superposition of, vibrations, Try 
to understand its meaning clearly. 5 


In S.H.M. we find that the state of motion of the partiele, »that, 
is, its displacement, velocity and acceleration are, changing continu- 
ously, They dome “back to` the same set of values alter a definite. 
interval’ of time. So} there “is à continuotis cycle of changés inthe 
motion, The word phase means the state of motion of the particle 
in this -oyéle ol., changes. (Compare the ‘phases’ of the nidon,) | Any 
quantity which can giye, the displacement, and velocity of the particle 
at any moment, may be taken:as the measure of phase, The angle 
(utte), is such quantity, Ib is called the phase angle. The angle 

wis called: the initial “phase or pooh ; Hs gives top phas atiiheiipiiial 
moment. Mihin O 

Pwo" BHMs" OE the’ simo” frequency may ‘be in differént'phases at 

‘gig’ sari’ Moments, "se ‘difference between theit phase’ angles is called 


their phase | difference. 


«eNote-the following relations of BEAM, < piers 

Mi ete = #=atin ot! 9 6 

( (i) ficlé Velocity — 0 aw cos w= ar sin (#¢+90°) 

aa P EEEN f=—o°s=a0" sin wt (IT 1.5.1), 


=ao* sin (wt +180°) 
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on the particle) is kaa’. The force increases uniformly from 0 to ke as 
the displacement increases from Oto g. We may therefore assume that 
the displacement @ has occurred under an average force $k. Hence the 
work done on the particle for displacement œ is $ kaw=the*. This is 
its potential energy Vat. Hq. II1-1.8.2 tells us that k=mo*, 


Via? =3mo 2? =43ma*o? sin? ot (I1T-1,6.9) 
The total energy =K+V =4ma*w*(cos* wit sin? wt) 
= 3ma'*o’. (11-1.6.8) 


The total energy is obviously constant, since m, aand. are constants in 
agiven case [fig. II-1.11(a).] [Eq. T1-1.6.3,] also shows that when kinetic 
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Fig I1-1.11 (a) 
energy is maximum, potential energy is minimum. The potential energy 
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Fig IIT-1.11 (b) 
is zéto when m=0, and maximum at the end of a swing ’(@=a). 
S.H.M. is an example of the conservation of mechanical energy. 


Note that since % is the restoring force for unit displacement, k/m is 
the acceleration at unit distance. By eq. (III-1.8.7) we then have 


L=In/0= 2), Jem=2n N mik 


oe ` ’ 
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Conservation of mechanical energy in S.H-M is graphically explained 
in fig IL-1.11.{b), In it displacement is along the #-axis and energy along 
y-axis. Note that with increase in x, the P.E. increases and K.E. 
decreases. Both the representative curves are parabolic as Æ 4 x° 
( compare «*=4ay for a parabola), From the shape-of the P. E. curve it is 
saidto be a potential well, a very important concept in higher physics. 


Expression for P.E, can be alternatively derived, Ata displacement of w from 
the equilibrium position the restoring force is dx ; the work done in moving. the 
particle against this force through a very small distance dx is ka.da, So the total 
work/done on the particle through’a displacement of x is the potential energy. 


a 
| Pe oa heel Yio =por" i aria 


We may arriyo at tho differentialegquation of S.H.M. from the: 
expression of total energy for S.H.M. We have 


KB+P.W= mv? timo w? =const. 


Differentiating v. do-+w*a.de=0. or, vee o t de =). 


Wiow=0o Fe v=% 
or, g o o=o f Oe 


=o] or, LT + o%=0 

IN 1-7., Superposition of two: simple harmonic motions in the 
same direction: Let a particle have two S.H.M.’s at the) same time. 
Its displacement at any instant will be the vector sum of the. displace: 
ments due, to each S.H.M. at the moment considered; If both S,H.M's 
are in the same direction yeetor addition becomes simple algebraic 
addition, We shall consider two . such. cases. The | superposed 
S.H.M.’s will be in the same direction and have: the, same frequency. In 
one case (fig. IIT-1.12) they will be in the.same phase, In the other case 
(fig. II[-1.18) they will be in opposite phases. In both figures, the continuous 
curves represent the §.H.M.’s to be added. Mathematically, they: are 
represented by @, S41 sin wt and @,—=dy sin wt. 


In fig. If1-1.12, the two motions are in phase. Hence they always 
produce displacements in the same direction. Their resultant is, 
therefore, the algebraic sum of the two. This means that the resultant 


2 
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"displacement af any, time ¢ is. =r ttma sin otto, sin at 
=(4; Haa) sin ot Ib represents an SH.M.. of the same angular 


i 


{ Fig IT-1.12 
h frequency (w) as the other two, and hasani amplitude. (¢,-+ay) equal to 
the sum of the amplitudes of each. In the figure, it is given by the broken 
curve, 


= 
} 
1 | “tn fig, 1111.18, the’ same’ 9.1.M’s are added but in opposite phases. 


If the phases are opposite, the phase angles will differ by 180°. Suppose 


t 
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Fig Tf-1.13 


_ m=, sin øt has" the’ larger ‘amplitide. Tha other motion will be 
a3 sin (wt 180°)=~a, ‘sin wt. This means that the resultaht 
motion will be given bys =r, =t, =a, sihat aasin ot (a; —a,) sin ot. 
This isan SH.M. in ‘phase with the SH.M. ‘of ‘larger amplitude but 
an amplitude equal to'the difference of the two amplitudes. If a: ia, 
the- superposition of the two motions (two S.ALML’s of the same amplitude 
and frequency but in oppsite phages) Will cancel ench other. No motion 


Wwill be produced by their combined effect. ‘This will appear in stationary 
vibrations. it i 


Th both figures, broken curves represent the resultant motion- 
eek | 
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il-2,1. Vibrations, A particle or a body is said to vibrate if it 
describes a to-and-fro’ motion along a path. Examples are, the pendulum 
of'a clock, children’s swing, motion of the needle of a Sewing machine, the 
to-and-fro motion of the piston of a railway engine, motion of any 
point of a string under tension, etc. Some of these are longitudinal and 
some transverse. \ Vibrations along the length of the body are longitudinal ; 
those at right angles’ to’ that are ‘transverse. We also haye torsiona 
oscillations. f 

If tho vibrating ‘particle reaches the same point of its path after equal 
intervals of time, its motion isa type of periodic motion, When the 
motion is in a straight line, asin the case of the nedle ‘of a sewing 
machine or the piston of an engine it is rectilinear vibration. 

‘The words ‘vibration’ and ‘oscillation’ are used almost synoriymously. 
There is no hard and fast difference in their meanings, Generally, 
when the motion is fast we call it a vibration. A relatively slow vibration 
is often called an oscillation jas in examples of S.H,M. discussed before. 
An oscillation also means a complete period of vibratory or periodic motion 
ie, the whole succession of states that takes place! before the motion 
begins to repeat itself. Vibration is sometimes taken to be half an 
oscillation. 

Certain terms are very useful in describing a periodic motion, namely 

(i) Periodic time (T) or Period. It is the’ time required by the 
vibrating particle (or body) to, execute one complete oicillation, say, in 
going from one end of its path to the other end and back to the first end. 
It is also called the time of oscillation. 

(ii) Frequency (n): The number of oscillations completed in one 
second is called the frequency. From the definitions, it follows that 

nT=1 or n=1/T (T1-2.1.1) 

(ii) Amplitude. The maximum distance through which the particle 
moves from its normal position of rest is called the amplitude of the 
‘vibration, 
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(iv) Particle displacement. The distance, at any moment, of 

the vibrating particle from its normal position of rest is the particle 
oO displacement. 

We shall illustrate the meanings of these 

terms by reference to the motion of a pendulum 

(fig. T1-2.1), The pendulum is suspended from 

i 0. Ais the normal positionof rest of the bob. It 

oscillates between-the extremes B and CO. (\AB= 

‘AQ isthe amplitude of the, motion. | The angular 

amplitude is ZAOB=ZA00., The: periodic time 

2a (or period)nis the, timer required: by the bob in 
“p | going from B to! and coming shack to\B (or 
it from Ato B, B to C and back from Cito A), The 

Fig 01-21 reciprocal of the period (T) is the frequency (n). 

| In this chaper we shall remain confined to elastic vibrations i.e. where 

the restoring. forces axe due to elastic deformations only. In. the next 
chapter, we shall be considering elastic waves ie. those'in‘material media. 
They are caused ‘by elastic vibrations, 

I1-2.2, A Free vibration, Any elastic body may bejmade to vibrate 
under suitable conditions, The vibration may be transverse, longitu- 
dinal ot torsional. Por example, the motion A B € 
of a pendulum bob or of a metal’ strip 
clamped at one end is transverse (a); that of 
a, stretched spring is longitudinal (b), while the © 1 
oscillatory motion of a twisted wire i 
carring a load at the free end (o) is torsional i 
(fig I-22): ‘Phe tibiations of a tuning fork v” 

is transverse. All of these vibrations will 
be, Niece atic heli epsicetinge tored (ir ) (6) 
or couple As: proportional to ‘the displace-’ Tig IT-22 
aha Ae kegi so When’ the” displacements are ` small. 
forces Saige mis es piis in en elastio. bodysand the exciting 
characteristic of its own. i an Manes tov vibrate? with, ar frequency 
ch--a,vibration is called free vibration. 
‘The periodic time of vibration is called the free or natural period, Tt 
- depends: upon the mass and the elastic properties of the vibrating body. 
Its reciprocal is the fequency, and is called the natural ‘frequency. 8. HM. 
may ba taken to be undamped free vibration. 
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Recording the time displacement graph for a free vibration is shown 
im fig, IL-23. A heavy cylinder 
W hanging from a spring moves 
up and down. It carries a sharp 
inked. stylus past! which moves 
unformly, a paper strip unwind- 
ing from one and winding ‘on 
another: ‘Theo amplitudes’ are 
almost constant for all )oseilla- 
tions, 


B. Damped vibration’: In 
all practical cases, it is found that 
when left to itself the ‘vibration 
ofa body stadually diminishes . 
in -Amplitude and “finally dies 
away: This ‘is so because the motion is resisted ‘by various frictional 
effects, internal as well as external. Whén a tuning fork is 
vibrating its; different layers arevsliding,oné over aiother. ‘This brings 
into play a resisting force «due to viscosity or ‘internal friction. This 


Fig. HI 2,3 AN 


Fig -2.4 J 


internal frictionias well as resistance to motion. offered- by ait; gradually 
diminishestor damp the amplitude and finally. brings: the body to rest. 
A vibrating pendulm is similarly damped. |beeause of, resisting forces 
‘between sits: suspension and support, and between the air and the hob, 
Vibrations thus opposed from within and without, gradually diminish 
‘in amplitude, They are called resisted or damped vibrations (fig ath +94) 
Actual free vibrations are such. 


In fig HI-2,5.tho same arrangement as above for recording damped 


_- vibrations ig shown but with a modification. A piston fastened to the 


22. AANI NS ae 


bottom of thevibrating cylinder moves up and down in a glass of water so! 
as to damp» the motion. See 
that the record is a: replica of 
fig TI-2.4. 

Fig. II-2.4 represents a case 
of damped simple harmonic 
motion. At each vibration some 
energy is lost in overcoming the 
resisting forces. If the resisitng: 
forces are large the rate of 
loss of energy is also large. 

\ = i The body comes quickly to rest. 
ya i With small damping, the 

j Fig 111-25 vibrations continue longer, the 
amplitude diminishing slowly. In figure I-25 replace water. by. 
kerosene and glycerine. In the first, oscillations last longer in. the 
latter shorter, than for water. 

+ I-28. Forced vibration and resonance, ‘The study of forced 
vibration and resonance is of special interest in wave motion. Sound: 
Waves and radio waves are detected by the forced vibration or resonance 
they produce in the receiver. Resonance is a ‘spévial caso of it. 


A, Forced vibration, A vibrating body gradually loses amplitude due 
to opposing forces, which are always present, Energy must be supplied 
from without if the body is tobe maintained in vibration. Let an ecternal 
Periodic force act on a vibrating body. The body tends to vibrate with its 
own natural frequency. But the applied force tries to impress its own 
frequency of vibration on the body. Initially, vibrations of both frequen- 
cies are present at the same time (fig, III-2.7.), In course of time, the 
natural vibration dies away due to the resisting forces. Finally, only 
the vibrations due to the: impressed force remain, ‘The vibration of 
abody with a period | sameas that of an impressed'periodic force is 
called a forced vibration, To keep the swing ofa child in motion, you 


apply an impulsive force periodically: é.¢., after a definite time-interval- 
This is forced vibration. F 


| B. Resonance, The amplitude of forced vibration is generally small. 
Tf the period of the applied force is the same aa the natural period of the 
vibrating body however, the vibrations build up quickly, The amplitude 
may be large eyen with a small impressed. force, As the motion. — 
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grows, the resistance to the motion increases) also.’ Av state of steady 
oscillation is reached when the energy supplied by the external source is 
fully used up in overcoming the 
resistance to the motion. The 

particular case of forced vibration 

where the applied force has the 

same period as the natural period 

of unresisted vibration of the . 
body is known as resonance. 
A resonant vibration is also 

called sympathetic ` vibration. 

Note that the motion is uniform, 
for no net force acts on the 
vibrator. 


Enakgy 


new 
It can be shown mathe- 


matically that if resonance occurs : Fig. 11-26 A 

for æ body whose vibration is undamped—an ideal case never realised 
in practida—the amplitude would be infinitely large. In ‘an actual 
case damping forces limit the amplitude. Tn fig. 1-2.6. are shown the 
response of a vibrator to an applied force at various frequencies for 
different dampings (4) or (b). 


There are, in fact, two cases of resonance to distinguish, namely (Q) ampli- 
tude resonance. and, (ii), velocity or energy resonance, In the former the amplitude 
of the forced vibration acquires a maximum yalue., In the latter; the velocity isa 
maximum, This corresponds to maximum energy transfer between the forcing 
and the ‘forced systems, The foregoing sketch is actually that for energy 
resonance, When damping is negligiblé both resonances occur at practically the 
same frequency, which is the natural frequency of the vibrator. When there is 
appreciable damping, the two resonances occur at slightly different frequencies. 
Velocity resonance occurs always at the frequency equal to the undamped 
frequency of the body in forced vibration ; this is the more important case. 


C. Characteristics. Forced vibration shows the following 
characteristics ; 


(1) Initially, vibrations with the natural frequency of the vibrating 
body and the frequency of the impressed force are both present, If the 
frequencies are close enough they may form ‘beats’ that is a rise and fall 
in amplitude (Fig. I1-2.7,).; "With passing of time the natural vibration 
dies out and the body vibrates with the forcing frequency. 


| j Fig. I-2,7. 
| This amplitude may then be’ Quite large, 
ce between free and forced vibration. 


# vibration is oxeouted by a body under the action of its own 
forse without Being subjected to any external force. But forced 
n is executed by.a body under the action of an externally applied 

Gi) Amplitude of freo vibration may have any value, largo or. small, 
0 | On the amount of initial supply of energy, If damping is 
the amplitude (a) diminishes exponentially (ae~), Amplitude 


p of free vibration of-a. body’ depends’ on ite Dass 
_Prequeney of forced vibration "is: uil to that of the 
i externally applied force. 

Ge), Pree vibration finally 
i conses due to, action of 
resisting forces). But forced 
Vibration tontinues' so long as 
the applied force acts, 

Pig, 111-28 |. shows an 
arrangement to demonstrate 
in a simple way the difference 
between forced: vibration and 


A t 
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the same length a8 0% © and O' therefore have the dime natural 
frequency ; but the frequencies of the others are different as they differ 
in length: When © is set into obsillation O' gradually picks up an 
increasing amplitude, while others vibrate with very small amplitudes. 
C' resonates with O; but the other’ nre thrown into forced vibration. 
‘The vibration of Oris transmitted to the others through the suspension.” 

11.2.4, Some examples of forced vibration and resonance, 

Poresd and resonant Vibrations are fairly common. A few examples, 
aro given below.” You should be able to think up others. 

A. Mechanical examples, (1) Tho various parts of m oon 
car, such as loose fittings, brake rods, gear lever etos have their own, 
natural frequency of vibration. ‘The periodic motion of the car-piston 
applies ‘to thoni a forcing frequency proportional to the speed of the 
car, As the “spedd alters, the frequency òf the piston may match the 
natural “frequishey Of some pirt wo that it ià thrown “into resonant 
vibration and rattles vigorously, 

(2) A child on"'n swing applies porlddie impulses to the motion, 
keoping time with the’ swing. The swings gradually {norense in 
amplitude, ‘It is a caw of resonance. © 

(8) If one leans of one sido of a heavy boat ahd then on its other 
sido, n considerable roll can be built up if the motions of the body have 
the same period dis'the swing of the boat. ‘The boat may then éayalne. 

(4) Resonant’ vibration is of groat practical importance to structural 
and mechanical engineers. If quite a small periodic force operates on 
somo stracture or machine having the same natural period, vibrations of, 
large mngnitide máy develop. ‘Vibrations produce stresses and, for large 
magnitudes, tho resultant stresses may orood the clastic limit 


find oub what external’ porlodte forces may act on the structure, , 
stricture 44 then'built: np’ s'ai to have à different’ natural frequeney, — 
Such’ are ithe onsea “of buildings beside rail roids witty heak trafic 
and cantilever bridges soross rivers. 

(5) Soldiers brosk steps while marching over a mipension bridge. 
Bridges, have heen known: to- vibrate dangerously and even to cdllayso 
when resonance occurs betwoon the period of steps of tho toldiors’ 
march and the natural, perio’ of vibration of the bridge. 

Jointless rails are used to prevent railwayy-bridges being aifected 
by the periodic impact of wheels crossing the joints, 


ne EE 
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B. Acoustical examples, (1) A vibrating fork held in the hand 
produces a feeble sound. When its stem is pressed on a table-top the 
sound ig greatly, magnified, The vibration of the fork is transmitted to 
the table-top. The top is thrown into forced vibration with a frequency 
equal to that of the fork. The large vibrating surface of the table sets 
a large mass of air into vibration. This rouses the volume of sound. 


In this. as. well. asin all) other cases of forced: vibration the kinetic 
energy of the sounding body is transferred to the. forced | vibrator. 
Because of the large surfaco of. the table the loss of energy to 
the surrounding sir is much faster than when the fork , vibrated 
alone. Sò the vibration of a fork dies away much more quickly 
when it is pressed on a table-top. 


E) Take a tall empty glass jar. Hold à Vibrating tuning fork 
just above the upper end of the jar and slowly pour water into it. 
When the water reaches. a. particular level, a. loud sound . may be 
heard. Once the level is crossed the loud sound ceases. The loud 
sound is due to resonance between the fork and the air column in the 
jar above the particular level of water, You obserye the same if the jar 


is full of water which is slowly leaked out through a tap, with the 
_ vibrating fork held over, 


other two wires In the identical wire resonant vibration will occur 


= ain iy a large amplitude. A Paper rider, placed 
vibration is forced and consequently the amplitude is small. 

‘ ike the. sitar, sraj, guitar, violin, etc, 
Strings are stretched on a thin wooden board. The vibration of a string 
produces forced vibration of the board and thence of air, This makes the 
emitted sound stronger, 


Many of -these instruments haye Several: strings tuned to different 
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the intensity of sound jis increased ‘hy the -forced vibration of. air 
inside them. f 

(5) It has at times been noticed that when some particular note is 
played loudly om an, organ lora piano, some object’ inside the room, such 
as a large empty vase, resounds. This happens when the frequency of 
the note agrees with some natural frequency of the object. (An, object 
may have several natural frequencies corresponding to the yarious modes 
in which it can vibrate.) j 

Loudspeakers of poor'quality sometimes produce a magnified response to: 
certain. parts of the musical scale because of such resonance. The result 
is boomy and unpleasant distortion. i 

C. Electromagnetic examples. The ‘principle of resonance is 
utilised. in tuning a radio or TV’ receiver: ) A circuit of low resistance has i 
natural frequency of oscillation depending on its, inductance and capaci- 
tance (n=1/9m JO). "To! receive \the radio waves froma given station 
the frequency lof the oscillatory circuit in the receiver is adjusted to the 
valuo of the incoming waves.’ The latter then sets up resonant electricat 
oscillations in the receiver. These are’ amplified» by: valves and operate 
the loudspeaker. Reception of radio signals. is. thus brought about by 
resonance. This is why only one particular, station (i.e. frequency) can 
be “tuned” at a time, f ' 

The phenomena of forced and resonant, yibration of electrons under the 
impact of electromagnetic waves haye been utilised to explain. scattering; 
dispersion and. absorption of light. 7 

4.18, Sharpness’ of. resonance.,‘The term ‘tefers to! the, fall in 
amplitude fof a: (body in forcéd vibration as thé frequency of the driving 
force changes from the resonant frequency: 

Resonance is said ito be sharp when the response of the» driven body 
falls off quickly as the impressed frequency moves away from the resonant 


d frequency. Between two cases of resonance we call that one sharper in 


which the response is smaller for ja given fractional (or percentage) 
departure of frequency from, that a resonance. Sharpness of resonance 
depends primarily on damping ; the smaller the damping, the sharper the 
resonance (See fig: III-2,6.), is, found tobe. i 

The concept of sharpness of resonance is of much practical importance: 
The following two cases may give us some idea of it. 

(a) Tt we blow across the mouth of a glass tube, the air in it is 
thrown into vibration and a sound is produced. But the sound stops as- 
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‘soon as the blowing is stopped showing that the vibrations of the air 
‘column are heavily damped, 
| Over the open end of è glass tube of suitable length hold in turn a 
series of vibrating tuning forks of nearly equal frequencies, The air in 
‘the tube will vibrate giving a maximum: response for the fork whose 
_ frequency agrees with the natural frequency ofthe “air in the tube. It 
“will also respond: toilithe other forks) though'to.w lesser extent, The 
response diminishes slowly as the two frequencies differ more and more. 


| ©The experiment shows that a heavily damped system responds! to a 
‘band of frequencies around the resonance! frequency, iiè., its selectivity is 
“Poor. Sharpness of resonance is then said'to.be smalls 

| (6) Vibrations ‘of tuning forks persist: for a! longtime, © This shows 
‘that their motions are lightly damped. > Také two tuning forks, A‘and B, 
-ol'the same frequency and mount them on resonanca boxes with the open 
ands facing ‘cach other. Excite: A, and after a few. séconda stop its 
vibration by touching it. ..B will then bei heard Sounding by) resonance, 
‘although it was not struck. It A:is loaded with w/small piece of wire and 
the experiment is repented, B will not respond. 

te 


'Agnin refer to the experiment described in B (8) above. The experiment 
‘consists fn placing a heavy vibrating tining fork! on the wooden plank (the 
sonometer) and adjust the position of one of the bridges "till the paper rider 
is thrown off becntise of resonances. This ig an experiment’ you have to do 
in your practical class. Tt is difficult to adjust, for if you cannot get the 
exact length, the rider will vibrate only a Tittls or not at'all and will not 
fall off, for forced ‘vibration produces small) amplitude; "The vibrating 
wire disturbs a very/small volume of air and so is lightly damped. 

The experiments suggest that Sor light damping response occurs practi- 
cally at resonance frequency and falls off very rapidly when frequericies 
‘differ. Here sharpness of resonance or selectivity is said to he high. 

Sharpness of resonatice’is measured by the ratio of resonant frequency 
to the range of frequencies for which 6 


nergy of the forced system falls to 
half the value at resonance.: These half-power frequencies oécur on the two 
‘sides of the central’ line in fig. 


es Of III-2.6, Sharpness of resonance also plays 
& Significant role in the selectivity “of reception in radio “and television 
circuits, z 


PROPAGATION OF VIBRATIONS : 
WAVE-MOTION’ 


DI-3.1. : Introduction. We» shall) now: consider the. propagation. 
(i.e. transmission) of «vibrations through. an elastic medium. This is 
wave motion, We have considered before, the simplest kind of» vibration, 
the S.H.M:- Now we! consider transmission of simple harmonic vibrations: 
only; through am elastic medium as we! have decided before. if dos 

f An ‘elastie? medium isa material medium in ‘which’ élastic forces. 
act between neighbouring particles. ‘To propagate vibrations through an 
elastic medium, two’ factors ara necessity. One is inertia. Tb” is. 
“necessary for vibration, for ‘the particle must not stop at its normal: 
position of rest where there is no'foree on it. It must be carried’ through 
this position by ‘inertia’. ° The other is! elasticity. 'Blastic forces niust act 
between neighbouring particles, to énable a vibrating particle to force the 
next particle also to vibrate’ similarly. ‘It is'through such elastic forces 
that. vibrations are transmitted’ from’ ‘particle to) particle through the 
medium. So aimaterial medium that will: propagate elastic vibrations. 
must have inertia and elasticity distributed throughout iti on i 

A medium in which the properties are the same in all directions, is anı 
isotropic medium. Air, water, glass are isotropic. So are’ many other 
‘homogeneous’ materials. “In an isotropic medium, “vibrations “are 
transmitted with the same velocity in'all directions. We shall confine our- 
” selves to the transmission of simple harmonic vibrations ‘in one direction 
“only, The. resulting motion in space and time’ is known as plane, pro- 
gressive. harmonic wave ‘motion. We shall return toiit later. But first 
“tet ws add a few words in general about wave motion: : i neh 


1-3.2, Wave motion. Wave motion in matter is ‘the “kind of 
motion that takes place i time and space when vibrations are being 
propagated through ‘an extended material. medium ‘ie. vibrations at one, 
point at an instant is- found some time: later to have moved, to another 
point, -The commonest‘kind of wave motion that we sée occurs, when we 
- throw'a stone omthe still surface of water. ‘A portion of the water where: 
“the stone has struck, risesand ‘falls few times, that is, that) portion 
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vibrates. This rise-and-fall pattern spreads out over the surface of 
water in all directions as concentric circles. A floating leaf on the 
water surface, will simply rise and fall with the undulataing surface, 
‘but would not advance with the waves. This is a distinguishing 
characteristic’ Of wave motion, In wave motion, no portion of the 
medium advances with the waves ; it executes a vibratory i.e. undulatory 
motion about its normal position of rest. 
i What then advances in wave! motion? tis the state of vibration, 
de. the phase of motion, that advances. Here, the waves advance along 
radial lines from the’ centre of disturhance...Any such radial line is a 
_ direction of wave -propagation int this case. :» Particles: of water’ along any 
Such line are thrown into vibration one: (after: another ds: the wave 
advances. .A particle farther from the centre, of disturbance: gots at some 
: later, moment the same state of motion (same phase) as a particle, nearer 
4 the centre, Al particles lying on a circle. concentric with the centre of 
disturbance are in the same state. of motion at a given instant. They 
all arrive at their. maximum elevation, over, the still water. surface, or 
a maximum depression below it, at the same instant; They, are all said to 
_ be in the same phase at, any given moment... But this. phase (that is, the 
State of vibration of the given point) changes with time. 
< Difference between vibrations and waves, A vibration spreading 
- out through a medium is a wave. Both require elasticity and. inertia. 
k Tn a vibration, such a8 the vibration of a-load:: held by aspring, inertia is 
localized in the load and elasticity is localized in) the spring. When such 
» wyibrating body is Placed than. extended medium (such as water or air) 
“waves spread out into the medium. Vibration occurs at every, point of 
‘the medium. So the medium must have elasticity, and inertia distributed 
throughout it, so a8 to be able to carry the waves, 


` Particles doy the line of advance: ofta wave ‘are in different states 
(or phases) of vibration ata given instant. © Particles tiway from the source 
aquires at a later instant the state (or phase) of vibration of a particle lying 
nearer to the source. 


In the above case the rise-and-fall (or vibration of a) particle) ` occurs 
‘only a few times and then stops. Besides ithe amplitude. of vibration 
i dimininishes with increasing distance from the centre. Such factors 
complicate any elementary discussion» of Wave motion. We shall, 
therefore, for simplicity of discussions. idealize our waves, This is like 
introducing idealizing conditions in other fields of Physics, like! the point 
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particle, the perfectly smooth surface, the weightless and perfectly flexible 
string of a simple pendulum, ete. They don’t reeally exist ; but they 
are of great help in understanding problems and solving them. 


IL-3.3, The idealized wave: Plane, progressive, harmonic 
wave, In our idealised wave, the vibrations of all particles of the 
medium will be simple harmonic. That is why we call it a harmonic 
wave. We call it plane because all particles on a plane perpendicular 
to the direction of propagation are in these same phase af any given 
instant. It should be clear that these waves propagate (move forward) 
in one direction only. (They do not spread out in all directions along a plane 
as for water waves just described.) The waves are called progressive 
because they do not come across any boundary on their way which will 


modify the waves and move on unhindered. 
o 


The fact that you cannot havea real wave. satisfying these conditions does 
not matter, You cannot realize a simple pendulum, you cannot realize a point 
particle or a ray of light or a frictionless surface, Nevertheless, these idealized 
concepts help you in getting useful results, The same applies to idealized 
waves, 


Later in See, III-8,10,,we shall discuss the properties of these idealized 
waves, Now we speak of ‘transverse’ and ‘longitudinal’ 
Waves, 7 
II-3.4, Transverse ‘waves. Waves in which 
tho particles of the medium vibrate. perpendicular to 
the direction of propagation, are known as ¢ranverse 
waves. You may think that |the water, waves. are 
transverse, (But strictly, they are not so. (The particles 
actually move in circles or ellipses.) 
Visible examples of transverse waves are few. If 
the free end of along suspended heavy cord is jerked 
perpendicular to its length, transverse vibrations move 
towards the upper end in the form of a wave A 
(fg. IIT-3.1), A stretched string plucked or struck 
laterally vibrates transversely. Light, heat and radio 
Waves are transverse in nature, but we cannot see their vibrations. 


Fig. ILI-3,1 


When a wave amnis along a string (fig. 11-8.1) you see that in one 
half of a, wave the particles are displaced to one side and in the other 
half. to the other side. A complete wave is made up of two such 
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undisturbed part is called'a crest and the part below is — 
called a trough A crest and a trough together make up 
“one wave, The terms are often used to represent two 
halves of any transverse progressive wave. Particles on 
® eresi and a trough, which are at equal distance 
from respective equilibrium positions but move in ~ 
opposite directions, are said to be in opposite phases. 
A succession of waves of a finite number is called a 
wave-train, Remember that ripples on water surface 
show crests and troughs but are not strietly transverse 
waves. They form a wave-train, ia) 


111-3.5 Longitudinal waves. Waves in which — 
the | direction of | particle ‘vibration © is along’ ‘tho 
direction of propagation of the waves, are called longi- — 
tudinal waves, To visualize such a wave, take a long, 
vertical closely wound spring (fig. TII-3.2) and load it 
with a bob atthe lower end. Pull it'slightly down- — 
ward and then release it. The turns of the spring will 
vibrate up and down along the length of the spring. If 
you mark a point on the spring with a short piece of 
white thread, you will find ‘the ‘mark moving up and 
down. ‘Take the spring as an elastic medium, the marked 
point as a particle and the motion of the spring, 
p Fig. 1-3.2 the wave motion. The layers of the spring may ‘be 
“considered as layers of the ‘medium, all -particles of @ layer being “in bea 
Same phase of motion. 
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Since the particles in this kind of waves vibrate in the direction of 
wave propagation, their displacements do not produce crests and troughs 
In, that part of the wave where the particles move in the direction of 
wave propagation they come. nearer together than their normal a 
Separation in the medium and form a condensation. A layer of medium 
in this portion is in a state of compression. (Longitudinal waves are also z 
called compressional waves.) Tf the medium is a fluid, pressure in the iA 

"compressed layer will be higher than the) normal: value (that is, when te 
there are no waves). If the medium is a solid, compression will increase — 
% the stross: inthe layer. In that part of the wave where the particles move — 


t. 
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opposite to the direction of wove propagation, they are further apart than 
their normal separation and form a rarefaction. The medium in this 
portion is rarefied, The pressure or the stress in a rarefied layer will be 
lower than the normal. A complete longitudinal wave consists of one 
compressed and one rarefied region. The pressure or stress therefore 
alternates about the normal value in a longitudinal wave, Sound waves 
ave longitudinal waves, Waves are not necessarily only transverse or 
longitudinal ; there are other types also. We would not consider them, 

II-3.6, Elastic properties of a medium determine the nature 
of wave, Whether a waye generated by the vibration of a particle will 
be transverse or longitudinal depends on the nature of the medium, ‘This 
is so. because the direction in which a vibrating particle will displace 
the next, depends on the acting elastic forces, 

Since a) fluid cannot resist a shearing force the displacement of any 
of its layers cannot drag a parallel layer in its own direction of motion. 
Hence .a transverse wave cannot be produced in a fluid. A fluid, however, 
resists a volume change. Hence a sudden compression or rarefaction 
applied in a given direction to a gaseous or a liqnid layer is transmitted 
along the line of the applied force to adjoining parallel layers. A longitu- 
dinal wave, therefore, can be propagated in a gas or a liquid. 

A solid resists deformation of both of size and shape. S0, if a particle 
in a solid is disturbed, it displaces others lying in directions both parallel 
and perpendicular to its own direction of motion. Hence in a solid 
both longitudinal and transverse waves are possible. 

Earthquakes are caused by large vibrations in the interior of the earth, Both 
transverse and longitudinal waves are produced during an earthquake, As they 
reach the earth’s surface with different velocities (longitudinal waves at 7'2 km/s 


and transverse waves at 4 km/s) their responses on the seismograph are separate, 
From this time interval, it is possible to estimate the distance of the epicentre 


of the earthquake, 
When the displacement of the disturbed particle is small, the restoring 


force is proportional to displacement and acts towards the equilibrium 
position of the particle. Under such conditions the motion is simple 
harmonic, Such waves arè called simple harmonic waves, In our 
discussions we shall assume this condition to hold. 

1-3.7. Waves transmit energy. From where do the particles 
that vibrate in wave motion, derive their energy ? Waves spread out 
through a medium only when a portion of the medium is displaced, 
The agent that causes this displacement supplies’ the energy. The 
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energy that the agent transfers to the medium spreads out through the 
medium in the form of waves. Wave motion is the most important form 
of enorgy transmission, particularly over long distances. 

Summary. In material wave motion, the particles on a line of 
propagation vibrate about their normal positions of rest. A point on a line 
of propagation farther from the source of disturbance acquires at some 
later instant the same state of motion (phase) as a point nearer to the source: 
Wawe motion means propagation of the phase of vibration. What advances 
in wave motion is the phase of motion, and not ay portion. of the medium, 

Though waves may be of various kinds, we shall consider only 
Jongitudinal and transverse waves. Longitudinal waves can pass 
‘through all Kinds of media solid, liquid or gaseous. Transverse waves 
are possible in solids only. In longitudinal waves; layers of the medium 
are alternately compressed and rarefied. Compression occurs in the layer 
dn which particle velocities are in the direction of wave propagation. When’ 
particle velocity is opposite to the direction ‘of wave propagation, rare- 
faction occurs. In longitudinal waves, pressure. (in fluids) and stress (in 
solids) alternate about their normal values at any point. Sound waves are 
longitudinal. Light waves are transverse as also are radio waves. Waves 
carry energy received from the sowrce on to the receiver, 


I-3.8. Propagation of vibrations, Let us consider the particles 
of w medium lying along ® straight line (fig. TET-8:8), Let one of them be 
displaced perpendicular to the line and forced to execnte a simple 
harmonio motion along its line of displicetnent,’ Ita neighbour will 
follow suit but will starb a little later, Between these two vibrating 
particles there will be a small phase difference because of this tite 
lag. The ‘vibration is then transmitted from particle to particle with 
a small phase différence between two Successive particles, The phase 
difference between any two particles on the line of propagation will be 
proportional to the distance separating them, 


Individual particles will vibrate with a constant periodie time 7 In Fig, T1L3.3 
the particles are shown after intervals of time 2/12... Each a t E i 
move 7/12 after the particle preceding it. The figure indicates anne b Bi 
gradually pass on from particles on the left to those on, the right aR i 
along which the vibrations are transferred is the direst pies ie on 

When the ‘zero’ particle has completed one vibration i Sel its 
through its-initial position with the initial wiht he it is paela 
12th particle just starts moving. These two particles E TEDRE ate 1 pe 
But since the former has completed one vibration when the keark te 
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move, the phase difference) between them will also be 2r radians. The phase 
difference of any particle relatiye to the zeroeth particle will increase 


Opesse cS ezegvuies ee 


Fig ITE33 
with its distance from O, as has already been noted, till it grows to 2r radians 
at ihe 12th particle. 


The above analysis indicates that the difference in phase angles 
‘of the vibrating particles will increase linearly with distance, ‘Hor 
some particular distance it will be 27 radians: Such particles as t and) 12 
‘in the above figure are in the same phase of vibration; they have the same 
displacements and are moving in the same direction. Zhe minimum, 
distance, measured along the line of propagation of a waves between two 
particles in the same phase of vibration is called the wavelength (A) of 
the wave, Particles on the line of propagation separated by a distance 
that is,a multiple of A, will differ in phase by the same multiple of Ix 
tadians, y 

The displacements of particles. in a longitudinal wave can be 
investigated exactly as above and are shown in Wig. III-3.4.. The particles 
marked 0, 1, 2, etc, are on the line of propagation. The figures marked 
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T Ib Ill, ete. indicate the positions of particles at intervals of 7/12 
sas Mig i as before, is the time period of vibration of a Particle, 
i vartigis executes an S.H.M. about its mean position of rest in the 
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direction of wave propagation left to right, AB and AC represent the 


amplitude: of this: vibration. Any two neighbouring particles have a 
small relative phase difference, 


We shall denote it by thé letter 
(ii) Wave length (A). It is the shortest distance between two 
particles on a line of wave propagation which are in the same phase of 
vibration, Particles on a line of propagation which ‘are separated by 

“distances equal to integral multiples of À are all in the same phase. 
It is the distance between two successive orests or troughs in a trans- 


verse and between successive compressions or rarefactions in a longitudinal 
wave, 
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(üi) Frequency of a wave (n). Frequency of a wave is the number 
n of wavelengths contained in a distance equal to the wave velocity c, 
Hence the relation between c and A is 

c=an, (11-3.9.1.) 

We look at it from another angle. As a particle in a wave starts 
vibrating, it starts | at the same time disturbing the particle ahead of 
it on the line of propagation, By the time the first particle ‘has 
finished one complete vibration, the disturbance has gone over 4 certain 
distance, ‘This distance is the wavelength. If there are n vibrations per 
sec, we have as many waves and they cover a distance equal to n\ which 
must be the wave velocity, ie. the distance crossed by the disturbance 
in one sec, 

If T is the time period of vibration of the particle (and they are all alike 
in a medium), we must have 4=oT', The reciprocal of T is the frequency 
of the particle. So c=A/T. But c=nd also, Therefore »=1/7'=trequency 
of vibration of the particle as well. Thus 

c=n=A/T, (1IT-3.9.2,) 
and »=1/T. = (IT-8.9.8:) 
Alternatively, T fs the time for one vibration and n, the no. of vibra- 
tions in 1 sec. BonT=1. 
If the vibrations in a wave are simple harmonic, 
n=1/T 0/20 (111-8.9.4.) 
where is ‘said to be the angular frequency or pulsatance of vibration. 
T may also be defined as the time a wave takes in moving through a 
distance A (one wavelength). It is the period of the wave as well 
(besides being the period of vibration of a particle), A wave thus has a 
periodicity both in space and time while a vibration, only in time. 
Problems, (Take c in air=340 m/s and c in water= 1480 m/s.) 
1. A tuning fork has“ frequency 512 Hz. What is the wavelength of the 


sound wave produced in air ? (Ans. 0.664 m ) 
2. The disc of asiren has 40 holes and rotates at 20 rev/s. What is the 
frequency of the note produced ? (Ans. 800 Hz) 
3. A disc siren rotates at 15 rev/s. If the note produced has a frequency of 
800 Hz how many holes are there in the disc 7 (Ans. 20) 
4, Find the wavelength in air in water of sounds of frequeucy 20 Hz and 
20,000 Hz, y [Ans. 17 m, 74m ; 0.0179 m, 0'07 m. ] 


(iv) Anoimas ofa wave. The maximum displacement that a 
Vibrating: particle undergoes in a wave is: called the displacement 
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amplitude of the wave. Similarly, we shall have ‘velocity amplitude’, 
‘pressure amplitude’, etc» for maximuin values of the relevant quantities. 


(v) Wave front and ray. When a wave is passing through a 
mediuin it is always possible to find at any instant a surface through any 
point (of the medium) on which (surface) the particles are in the same 
_ phase of vibration. The continuous locus of points in the same phase 
y of vibration in`a medium through which a wave is travelling is 
“called, a wave front A.wave front does not remain stationary but 
_ advances through the mediura with a definite velocity’ called the wave 
Wir velocity or phase velocity, -Itis different from particle velocity of the: 
y A normal to a waye-front is called a ray. The energy that 2 wave 
= Carpies; moves, along the) rays. In a hombgenows medium, a disturbance 
produced at a point inside it, spreads out in-alli directions with equal 
velocity. , Particles, equidistant from: the soutce\will vibrate in the same 
phase. Hence the wave front will be spherical. Such waves are called 
= spherical waves, A wave in which the wave fronts are plane surfaces is 
called) a plane wave. A finite portion of a wave front coming from a 
sounge very far away is practically a plane surface and may be treated as 

a plane wave front. 


; (vi) Wave form or wave profile. Jn fig. IT-3.3, if O executes 
an BEM, at any instant the space-displucement curve of the particles 
lying between. 0,and 12 will be complete sine curve (fig. IIT-3.5.). The 
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Fig. 111-35. 

space-displacement curve (for a complete wave at any moment) is known 
as the wave-form or wave-profile, Jt pictorially represents the dis- 
Placements at any instant of all the particles lying within » distance of 
one „wavelength. along the line of propagation, (Compare curve XII 

fig. TH-8,3,). The curve is what you get by taking a snapshot of a wave. 
Ina ‘simple harmonic wave, if we plot the displacement curve of 
ony single ‘particle for a complete period Ti then also a sine curve 
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result’ (fg. TH-3,6), This means that the time-displacement curve of a 
single particle of the medium transversed by simple harmonic waves 
throughout a time-period is exactly similar to the waye-form (i.e., the space- 
displacement curve of all the ‘particles at any instant), ie. the cinemato- 


DISPLACEMENT 


TINE —— 


f Fig. I-35 
graphic picture of displacements, (i.e.n record of successive positions) of a 
single particle of the medium in a time interval T' agrees with an 
instantaneous or snapshot photograph of displacements of all the particles 
within a distance yd ; Q 

I11-3,10. ‘Equation of plane, progressive, harmonic waves. We 
have introduced before the idealized waye, which we called a plane, 
progressive, harmonic wave. Let us derive a mathematical expression 
for particle displacement in such a wave. For simplicity, it is a plane, 
harmonic wave. ' 

Take the positive x-axis as the direction of propagation, and any 
convenient point on it as the origin (@=0). The equation of particle 
displacement at the origin willbe y=asin œt. (The waves may be 
transverse ‘or longitudinal.) “A particle ata distance # from the origin 
will aequire atter an interval?’ the phase that‘the particle at the origin 
has at time ¢t. Hence the displacement equation for the particle at æ 
willbe y, =a sinto (t—t’). Ife is the wiive velocity #=ct’, and we 
shall haye "7 

Yat =a sin o(t—2/0) f 
=a sin (/e)(ct~2) =a sin (2/A)X(ct— 2) (III-8.10,1) 

Introductng the various quantities n, 7’, À from above intothisequation 
and writing AF 2m/À (k is called the wavelength: constant), we čan throw 
eqn, ITI-3.10.1 into various equivalent forms. Dropping the subscripts 
2,4 from y for conyenience (since the sense is clear) we have 

y=a sin Qan(t—a/e)=a sin 2x(t/T—2/cT) 
| =a sin Qn(tT—2/2)=a sin (wt— iar) (II-8,10.2) 
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The last is the most compact form of writing the equation. We 
shall use it more often. ais the amplitude of the wave. Remember 
k= 2a/A is often called the wave constant, 

Properties of the wave: (1) The waves are plane, because the 
phase angle depends onwalone. Fora given @,all points on the y-z 
plane perpendicular to the x-axis are in the same phase. Hence the 
wave front is plane. 


(2) The waves are progressive. If in (eqn IMI-3.10.1) we increase t by 
1 anda by c, we get the same value for y. This means that y 
at @-+e and t+1 is the same as y at 2 and ¢, i.e. the phase of the vibration 
has moved over a distance ¢ in one second. Using symbols, we find 


Yet op u+) =0 sin of(¢-+1)—(@+o)/o}=a sin o(t—a/c)=4.2,1 


The phase advances along the direction of the positive x-axis with 
velocity o The equation i 
y=a sin o(t+a/c)=a sin (22/A)(ct-+2) (IIT-8.10,3) 
when analysed as above, will show that it represents a wave moving in 
the direction of the negative x-axis with velocity å. 


Note: ‘The waves represented by above equations have no ending: 
They do not indicate any stoppage of motion, They belong to an infinite 
wave-train. [ 

(8) That the vibrations in the wave are simple harmonio is our basic 
assumption. 


7 9, The waves have a two-fold periodicity, one in time and one in space. 
‘The aes BY raat increases by 7’ the. vibrations repent 
themsel are repeated at intervals of 

wavelength. A is the space period. akan 


ada tad Bok ihre ar en amplitude of 01 mm, yelocity of 350 m/s 
dopheceuint¢ er aa SE e wavelength and period? Write down its 


Lap vel 

fan : Wavelengthe ims - ele = 710 em 

Period = 1/frequency = 1/5008-1 = 0-002 s, 

Equation : y=(01 sin 2x k 500(t—a/86000) cm: 

Here y and v are in om and ¢ in seco 
y=1.104 sin 1000x(¢ ~2/350) m. 


Ex. III-3.2. Show that the equation y = 0.5 sin 


nds, If y and yarin metres, then 


2r 
4 go (64t—a) represents a 
Progressive wave, Find from the equation 


the values of the amplitude: 
trequeney, fs Wavelength ane phase velocity of the Wave, (The units are in ¢.g.8.) 
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Solution : Comparing the given equation with Eq. IJI 8-10.2 we can at once 
write down (in the c.g.s. system) : 

Amplitude (a) = 0.50m; wavelength (2) = 3.2 cms. 

Phase velocity (c) = 64cms/s, Frequency (n) = 20 per sec. 

Consider the displacement ofa particle at co-ordinate #+64 at timet+1. 
From the equation, this is 


y! = 05 sin HF (04 (t+) = +64) 


= O5 sin 2h (61ta) |= v 


‘Thus we find that a particle at v+ 64 cm acquires the motion of a particle at æ 
after one second. This means that the disturbance travels a distance of 64 cm 
in one second, i.e, it is a progressive wave. 


Problems (1) The displacement equation inla wave is ye10-* sin 2r 
t © r 
(ra) metre. If ¢ is in seconds and œw in centimetres, find (a) the 


amplitiide, (b) period, (0) frequency, (d) wavelength and (e) wave velocity. 
[Ans.: (a) 10m, (b) 001 8; (c) 100/s; (d) 2000em.; (e) 200.m/s) 
(2) If the wavelength is 1 metre, what is the phase difference in the 

vibration of two particles which are 10 cm apart on the line of wave propagation f 
[Ane.: 36% Note that a distance 4, corresponds to a phase difference of 2w), 


11-3.11, Periodic waves. Vibration of particles in a wave may 
be periodic, but nob simple 
harmonic (fige TII-8.70). @- 
Such a wave is a periodic 
wave, but not a harmonic 
one. Musical instruments 
or radio transmitters may 
produce, them. We have 
said before that a periodic 
vibration may be expressed 
as the sum of ao suitable 
number of §.H.Ms of appro- 
priate amplitudes.Similarly, (e 
any periodic wave may 
be expressed as the sum 
of a suitable number of 
harmonic waves of appro- Fig. 1-37 
priate amplitudes. Curve DI-3,7(0) is the combination of pure simple 
harmonic waves II-8,7(a) and (b). 
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I-3.12. Characteristics of progressive wave motion: We may. 
now summarize the characteristics of progressive wave motion as 
follows : na 

(i) Progressive waves are produced by ‘continuous vibration of a 
a portion of the medium, They advance through the “medium with 
a velocity determined by the elasticity and density of the medium, 

(ii) Each particle of the medium executes the same vibration about 
its equilibrium position with identical frequency and amplitude. The 
vibrations may be transverse, longitudinal (or torsional) relative to the 
line of propagation of the waves, saith) 

(it) The state of vibration, i.e, the phase; of one particle is 
transmitted to the next along the line of propagation. The phase 


_ difference between two Particles along 'this line is proportional to their 


Separation, : } 
(iv) Progressive wave-motion is thus a disturbance recurring both 
in space and time, The space-displacement curve at any instant (of the 


particles on a line of wave propagation) agrees with the time-displacement 


 durve of any single particle. 
` 
_ wave, 


Both are sinusoidal in a simple harmonic 


‘The wavelength À gives the 
the periodicity in time. In ti 
giving a velocity of wave propa; 


periodicity in Space and 7'=1/n gives 
me T the Wave’ moves a distance A, 
gation c=\)/T, arratio of the two periodi- 


carries energy from one point to 


another along the wave normals, i.e, the ‘rays, without any bodily 


transfer of the medium. 


(wi) As a compressional (i.e,, longitudinal) waye Proceeds, every 


Point of the medium suffers the same chai i y 
i nges in dd 
(in fluids) or stress and density (in solids), „Pressure and density 


There are various kinds of wave 


apparatus to demonstrate the above 
charactoristics, 


TH-3,13, Characteristic Properties of Waves, Wayes have the 
following characteristic properties : 


(a) Through a homogeneous, 
the same velocity in all directions, 


(b) When a Wave travelling ina medium: falls on a surface (large 
compared with the wavelength) Separating it from another, part of it turns 
back into the first medium while the rest) passes into! ‘the second: ‘The 


isotropic medium waves travel with 
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first phenomenon is known as reflection and the second as refraction. 
They occur at any boundary, the elastic properties or densities on the 
two sides of which, are different. In both cases there is a change in 
direction of wave propagation. ‘The laws governing reflection and refrac- 
tion are already familiar to the students of light. 

(e) When a wave meets an obstacle of size comparable with its 
wavelength or passes through an opening of similar size, it bends round 
the corners to some extent and encroaches into the region of geometrical 
shadow. ‘This phenomenon is known as diffraction, 

(a) Iftwo identical wave-trains passing simultaneously through a 
medium continue to meet in opposite phases at some points, the particles at 
these points will remain permanently at rest. Two waves in this way, 
neutralise the effects of each other at these points. The phenomenon is 
called destructive interference. 

(e) If a wave meets a small body in a medium, that body is thrown 
into forced vibration by the wave. The body (of size small compared with. 
the wavelength) absorbs energy from the wave and radiates out this energy 
in the form of spherical waves through the medium. The phenomenon is 
known as seattering. It weaknes the waves, 

(i) Transverse waves have a special property known as polarization 
which longitudinal waves do not possess, The transverse vibrations may 
be confined to a plane containing the direction of propagation, With 
appropriate devices, these vibrations may be prevented from advancing. 
But this cannot be done to longitudinal waves. Light waves show 
polarization ; sound waves do not, Polarization distinguishes between 


transverse and longitudinal waves. 
II-3,14, Comparison of transverse and longitudinal waves. 


Transverse wavs Longitudinal wave 
1. The vibration of particles is} L Vibration of particles is in the 
ght angles to the direction of wave | direction of wave propagation, 
propagation. 


2. Can be produced only in solids | — 2. Can be produced in solids, 
but not in gases or liquids, liquids and gases, 


3. A crest and a trough make up 3. A complete longitudinal wave 
a complete wave. consists of a compressed aud a 
rarefied region. 


4. Exhibits polarization. 4. Does not show polarization, 
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SOUND WAVES, 
VELOCITY OF SOUND 


IIL-4.1. Sound waves are elastic waves. (1) It is well known 
that sound |is due to vibration ofa body and that it requires a material 
medium for propagation. Sound cannot pass through vacuum. 

(2) > As sound travels through air, the sir does not advance ‘with the 
sound, Even in a Joud sound, there is no air current, “Waves behave so. 
An advancing wave does not carry the medium with it, 

(83) In all media (solid, liquid or gas), sound travels with a definite 
velocity characteristic of the medium. ‘The velocity is determined by the 
elasticity and density of the medium. Other waves behave similarly. So. 
sound must be wave-like in nature—waves in a material medium, 

(4) All waves have the common prorerties of reflection, refraction, 
diffraction and interference. Sound shows all these properties. ‘This. 
supports the wave nature’ of sound. 

(5) Only longitudinal (also called) compressional) waves can move 
through gases and lignids. Transverse waves cannot do so, Hence 
sound waves must be longitudinal (that is, compressional) in character, 

(6) Only transverse waves show the phenomenon of polarization, 
Longitudinal waves do not have this property.. Sound does not show. 
polarization, ‘This supports the longitudinal character of sound waves, 

(7) Sound waves have actually been photographed. 

These facts convincingly prove that sound waves are elastic waves, 
longitudinal (compressional) in character. 

I-42. Definition of sound. Sound has been defined by the 
American Standards Association as follows : 

Sound is an alternation in pressure, stress, particle displacement 
or particle velocity, which is propagated in an elastic material or 
the superposition of such propagated vibration. 

The definition is objective ; it does not depend on whether anybody can 
hear the sound or not, Sound is audible when the frequency of 


kin 
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alternation lies within the approximate limits 20 and 20,000 Hz. Dogs, 
bats, birds can hear higher frequencies. (1Hz=1 cycle per sec), ; 
b As you go through different aspects of sound, try to notice how 
they agree with the definition, For practical purposes, the most 
Ampottant aspect is the change of pressure in sound waves. Most 
methods of detection and measurement in sound depend on the changing 
-sound pressure. 
Audible and inaudible sounds. ‘Whether compressional waves will 
‘produce ‘the sensation of sound in the human’ ear or not, depends upon the 
‘wave frequency. Ordinarily, the human’ ear responds to compressional 
frequencies in the approximate, range, 20 to 20,000 Hz The range, 
A however, varies from person to person. In’ the same person, the range — 
‘is reduced with age. | 
Tif 1u Compressional waves of frequency lower'than 15 Hz are inaudible to 
4 ‘most people, Still they are sound waves indare called infrasonic waves. 
È Compressional waves of frequency higher, than 120,000 Hz are called — 
‘ultrasonic waves. ‘They arei also inaudible to the human air, Study of 
ultrasonic waves now forms a very important branch, of physics. It has 
found useful applications in industry and other fields including medical. 


Ifl-4.8. Sources of sound. Any solid, liquid or gaseous body which 
ean (1) vibrate between 20 and 20,000 times.a second, and (2) transfer 
the vibrations to the medium in which it is' situated; (8) producing com- 
_ pressional waves in the medium, is a source ofsound.. If the frequency is 
beyond this range, the sound is inaudible, but the waves are there. 


Clearly, a classification of sources of sound does ‘not carry much sense, 
unless you decide on the basis of classification. When we hear a sound 
we can try to identify the souree of sound. Strike a solid ; you will hear 
a sound. The solid is the source, When rain-drops fall on the water in 
a pond, the sound that you hear is due to the vibrations of portions of 
water. These vibrating portions are the sources, Tn musical instruments 
we can identify the sources often easily, Th stringed instruments, such as 
the sitar, esraj, piano, guitar, etc., the vibrating string is the source. In 
percussion instruments, such as drums ete, the vibrating membrane is 
tha source. In flutes or clarinets, the vee dir column inside, is the 
“source. I 

-Our voice box, a small organ inside the throat, is the most pee 
source of sound tous. It bas two thin membranes (vocal. cords) nearly 
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closing the gap invthe box. Air from the lungs is forced through this gap, 
causing the membranes to vibrate. These vibrations produce the sounds 
we emit, 

For experiments on sound we often require a source which generates 
simple harmonic vibrations in air. There are’ complicated ‘electrical 
devices for the purpose, Buta very simple one which you will use in the 
laboratory is the tuning fork, It is described below. 


The Tuning Fork a special source of sound. In considering the 
action of waves it is very helpful to have a source which produces waves of 
a single frequency. For sound waves, the tuning fork is such a source, 


A tuning fork a rectangular bar bent into the form of a U with a stem 
attached at a bend (fig. II-4.la). If any of the arms of the fork (called 
prongs) is struck, both arms begin to vibrate. The vibrations (unless very 


SSP CTSES Senet sesecens -5 


nagusescmnassseosesesen® > 


(a) () (c) 
j Fig. I11-4,1 


strong) are simple harmonic. 'The nature of the vibrations has been shown 
in fig. I-4.1b. Both prongs simultaneously move inward (as at 1, 1) or 
simultaneously outward (as at 2, 2). Two points (N, N) near the bend 
do not vibrate. They are called nodes. The bend (B) between the nodes 
rises and falls as the fork vibrates. So the stem executes an up-and-down 
motion, idroki f 
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‘A tuning fork has the special characteristic that it gives out a sound of 
only one frequency. A sound of single frequency is called a ‘pure tone’. 
Ordinarily any sound has several frequeucies in it at the same time. Because 
of its ability to produce a sound of a single frequency, the tuning fork is an 
essential equipment in a sound laboratory. 

The frequency of a tuning fork can be lowered by loading one of its 
prongs, Some forks are provided with sliding weights called collar (e) 
(fig, IM-4.1c). If the collar is fixed near a free end of the fork, the 
lowering of frequency is greater than if the weight is fixed nearer the 
nodes. Instead of sliding weights we can use one or more turns of thin 
or thick wire wound round a prong. Frequency can be slightly raised 
by filing off some material from near the end of the prongs, The frequency 
of a tuning fork is 

n=(k/l) Jalo ( T-4.8.1. ) 


where & is a const, J the length of the prong, q the Young’s modulus. 
and p the density of the material of the fork. 

A standard tuning fork is mounted on a wooden box open at one end 
(fig IM-1.40) {It is of such a size that the air mass inside, can resonate 
with the fork, its frequency varying inversely as the prong length. 

Tf the mass of a prong is reduced, say, by filing, its frequency 
increases, 


T-4.4, Mechanism of sound propagation. Let us now study thef 
state of motion of air when sound is propagated through it, Consider: 


Fig. III-2(a) 


a vibrating tuning fork emitting sound (fig, TIT-4.9a). Imagine the’ 
undisturbed layer in front of the prong tobe divided into thin vertical 
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layers of düd ticinese. “AS tHE arii moves’ öütwaid it Gdniprasées the 
layet in föt of it, This lyer presses the next layer into a smaller 
Volume. ‘The secoH@ layer ih its tum comprësdéť the thira layer ahd 
So oh. This the compression advances to the vight from layer to layer 
with à defmite veiotity. By the time the arm moves from the lett end 
to the right and Of its SWilig, the state of compression advances through 
a certain distanes depénding on the period of vibration of the fork and the 
density and elasticity of thé medium. 


As the prong starts swinging backwards to the left, it creates a, 
partial vacuum) behind it and thé: air layer in contact with it expands. 
‘The next layer beiig relieved of prés8uré alsd expatids, The following 
layers follow suit ons after andther. ‘Thus a state of rarefdetion is passed 
on from layer to layer travelling with the same velocity as that of the 
compression. A compression together. with the rarefaction following it, 
forms, a complete longitudinal. wave of sound. The particles. vibrate 
simple harmonically to and fro since the vibrations of thé fork aré" so. 
Actttally you do not ‘have air Inyers, youhave dir particles. Their 


Fig. 111-4.2(b) 
C [OSCompression : R= Raréfaction] 
Vibrations and-a model: provided by longitudinal vibrations! of a spring is 
shown in fig, TEI-4.2b. 


So long as the fork vibrates, alternate compressions and rarefactions 
occur in the surrounding medium. The ‘moving pattern of ‘alternate 
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compressions and. raréfactions of the medium constitute sound waves. 
From a small source, in a 


| homogeneous. medium the 


A vg i] Say oh ee 


shown in fig, II-4.8. 
Particle of air. We clarify two 
Fig. ITI-4.3 ideas in this connexion. One is 
the word ‘particle’ when the medium is air. A particle of air does mot mean a 
molecule of air, but a small volume, say 10-** cm", of air, At N.T.P. it contains 
about 10¢ molecules, Air molecules in this volume may be supposed to have 
the same displacement from the mean position of the volume, In the 
displaced position, the volume will not contain exactly the molecules it had at 
the rest position, Many molecules will leave th? volume due to their thermal 
motion, while new ones will enter it, Density over the volume however is supposed 
to remain unchanged. ‘The same applies to liquids. In spite of their granular 
structure, we treat gaseous and liquid media as continuous 80 far as wave propa- 
gation is concerned. 

Particle velocity and compression. , The other is the relation between particle 
velocity and compression, As the right prong of the fork moves from its extreme 
left to its extreme right position, it gives the air particles a velocity in the 
direction of wave propagation. ‘The particles disturbed in this half of the motion 
of the prong constitute a compression. Note that during the first half of the 
left-to-richt motion of the right prong, the air particles in contact with it 
were to the left of their rest position, Hence particle displacements during this 
quarter of the fork’s motion were opposite to the direction of propagation. 


Iil-4.5. Velocity of sound, The velocity of sound ina medium 
depends on its elasticity and density. Newton proved that for longitudinal 
waves in a medium, the wave velocity o is given by c= „E/P, where E 1s 
the modulus of elasticity of the material and p its density. 


In liquids and gases the relation reduces to c= J K/p where K is the 
bulk modulus and p the density of the medium. 


*A. Velocity of sound in a gaseous medium. Consider a very long 
tube of unit cross 11 section fitted with a gas-tight but frictionless piston 
(P) (fig, II-4.4a)]. Let the gas be at rest under a pressure p and have density 
p. Push the piston suddenly with a constant velocity u along the tube from 
AtoB. It willcompress a layer of air directly in front of it and the 
compression will pass on to the succeeding layers with a speed equal to 


*Derivation not in the syllabus. 
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that of the velocity 4 sound i in a gas. Let. the pressure and density in the 
preso layer be p' and p’ respectively. After atime t the piston has 


pagery ; 
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Fig. 14.4 


moved through a distance ut and the compression, through ct. So the 
‘layers that would have covered the length ct without compression, must 
be packed together within the length (ct— ut) because of the compression 
(fig. III-4.4b), Since the mass of these layers must remain consant and we 
_ take their cross-sections to be unity, we have È 
(ct—ut) p'=ctp or (c—u) p' = cp (1-4.5.1) 
or o(p'—p)= up’, or p'ep) = olw (10-4.5.2) 
+ Now the impulse given by the’ piston is equal to the increase of 
momentum of the layers. Impulse is forceX time and foree is provided by 
the change in pressure before and after the motion of the piston. The layers. 
being originally at rest, we have iios 
increase of momentum =mass X velocity i 
ws (=p) Xt = [ot—ut) plu 


or p'—p = (e-u) p' u . - (HL-4.5.8) 
But volume elasticity K is given by 
Ke increase in pressure 


a redugtion in volume per uuit volume _ 


= gtp o on (leme) 
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EPE a i Gre, | Sitios 
OP? = ee) E 


= (cu) th (from eq, II-4.5.3: and III-4.5.2) 
=" (fom eq. IIl-4-5.1) 
ee 0 =A Efp: (TH-4.5.4) 


B. Newton's equation for velocity of soundin agas. Newton 
had deduced this relation on theoretical grounds.. If can be easily shown 
that for a perfect gas K=P, the pressure of the gas, when the volume 
change is isdihermal (i.o. takes place at a constant temperature), 

Proofs bet V be the volume of a given mass of a gas in layer when 

' the pressure is P, As the layer is compressed due to the passage of a 


compressional wave, let ‘the pressure risé-to(P-+p).and the volume fall 


to V-». Then from Boyle’s law we have 
(P+p)(V—») = PV œ PV—Po+p¥—pv = PV 
As the product pv is very small, we neglect it and get Pu=pV, 


Gp P = P change of pressure iit the layer 
vV. its change of volume per unit volume 


= ae = K, { Look up eqn. If-3.9,2 7 


Ina perfect gas. we should thétefdre have (pressure changes bding 

adsurtied ‘isothermal) $ 
a= yP (11-4.5.5) 

Application of Newton's formula to. sound waves in open air. 
Newton's formula for the velocity af compressional waves in a perfèct gas 
is Appli@d to calculate the ‘velocity of sound in open air. Assuming 
conditions of standard temperature and pressure, ie: T=273K and 
P= 76% 18'6 x 980 dyn/om* and p at STP=0°001293g/cm", we get 

o= a TEXTE A OOO es iag nile 

The experimental value, 331 m/s, is much higher than this calculated 
value. Evidently there must have beén some error in Newton's 
assumptions. 

C. Laplace’s correction to Newton’s formula. Laplaco argued 
that air is a bad conductor of heat and the volume changes in sound waves 
-occur Very quickly. Hence such volume changes cannot be isothermal. 
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A compressed layer must remain a hit hotier and a. rarefied layer (a bit 
cooler than pormal. He considered the yolume changes to be adiabatic. 
‘This means that heat cannot leave a compressed layer nor enter a 
rarefied layer so as to equalise their temperatures; this is due to 
(i) the bad conductivity of air and (é) quickness of changes. 


Under adiabatic conditions the pressure-volume changes of perfect gos 
is governed by the relation PY,” =copst, where -vis a constant for a given 
gas, Differentiating as in t eqn J 11-3.9.3 we get 

P.yV'-! AV +V" AP=0 
Lor YP") dV=—WaP 
o yP=-V 5 =K 
c= JRJo= VyP]p (I1-4.5.6) 

Under adiabatic conditions the bulk modulus of a gas is thus YP where 
y is a constant characteristic for a gas. For air'y=1'41. Laplace found 
that when we take c= 4/1'41 P/p, the value agrees very Welliwith the 
experimental value. So, in a gas the sound velocity e= J -Pp 

y of a gas is: the ratio of its molar specifie heats at constant pressure 
(C,) to that, at constant volume (Oy) i.e, x= Op/O. 

For monatomic gases like Aor He, »=¢ or 1'66 while for diatomic 
gases it ison/2 or 1,41.) Ain\ being mainly a mixtute/of Oa and Na, ite y 
value can\be'taken as «/B so that velocity of sound at N.G\P. becomes 


hha yaz 882 M/s suoni 


which is very close to the experimental value f “tor velocity of sound, 
331'4 m/s. Thus Tnplace’s ‘assumption stands j justifie 


Stokes has shown from therm lynamical pe TEIN that. the pressure 
change must Be either “Very nearly ‘isothermal | or very nearly” adiabatic 


and nothing else; otherwise, attenuation wonld be yery high. The faot that 
sound waves travel over large distances before fading out, therefore, precludes 


a type of change midway between or appreciably iffererit from adiabatic 
and isothermal. 

1146; Factors which affect the velocity of soundin air: Al) 
factors which affect the ratio of age to merge ef air also affect the 
velocity of sound in air. 

(i) Effect of pressure. So long as temperature ofairis constant 
a change of pressure, alone does not change. the velocity, because at 
constant, temperature Pip is constant, densify, being proportional. to 
pressure, Sound velocity in a gas is thus independent of pressure alone. 
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id (i). Effect of temperature: Density of air changes with temperature 
according tó Charles’ Law. If po and pt are the’ densities of a gas at 
00 and t?O respectively; then’ according to Charles’ Law, 

3 orb AUE O po=pe (itat) 

where <» is the coefficient of volume expansion of air at constant pressure 


jer °O'and is very nearly equal to 1/273 for air. Ife and ce are the 
velocities of sound in air at’ 0°O and °C respectively, then 


co= JyPlp and c= J 7Plet, j 
Bte fIr 
erp l+xi= u TI-4.6.1) 
JPoloe= J1- Ni 373 T, ( 
in which T is the absolute temperature ie ged to PO and To 
that to 0°C. 
‘Thus.sound. velocity in a perfect gas is proportional to the square root 
of its absolute temperature. I 
i When the change òf temperature is oe we have, from 
eq. I-4.6.1 
crloom ditat tit or hake (1-46.92) 
Now. «p=1/273 per °O nearly. Taking ¢)=881 m/s, we find that 
the inctease ini the velocity of sound per °C rise inn temperature around 
0°O is $ 0X ate%881 m/s=61 om/s: The velovity of sound in air 
increases by about: 0°61 m/s for every 1°C rise in temperature ardund 0°C. 


_ (iii) Effect of simultaneous changes of pressure and temperature- 
Let Pi, tı, pı be respéetively the pressure, celsius temperature and. 
density of air initially. Let the final values be Po, ty and po. 

0, 
Then t4 O= (Tott) K= TK and ta°O = otta) K=TK. 
Prom the perfect gas, hihi] we have 
P,P re gn FR 
Fda et ES a =; gpg 
ail, Palan Ty Ty ey in sr ing 
Therefore; the velocity of sound inaiperfeot igas wilh be propotional 
tothe. square root of. absolute temperature when both» pressure. and 
temperature change simultaneously. 
iM (iv), Effect of humidity. Water vapour is lighter thait dir and has 
a onin of 5/8 relative to air. Hence the density of ai diminishes’ as its 
humidity; i.e. moisture content, increases. Sound, į therefore moves faster 
in humid air than in dry air. 
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(v) Effect of wind. The velocity of sound in air means the 
velocity with which sound waves move relative to air. Tf the air itself is 
in motion then to a stationary observer, the velocity of sound. will be 
the resultant of the two velocity vectors, Air in motion is wind, Henceif a 
wind blows in the same direction as the sound, the velocity of sound will 
be the sum of the two velocities, Wind velocity does not affect the 
velocity of sound relative to air. Itis the velocity relative to the earth 
that changes. > 

Over a very wide range, the velocity of sound in air is not affected by 
frequency or intensity of its waves. 

(vi) Velocity of sound in other gases. For simplicity we can 
treat other gašès like hydrogen, oxygen, nitrogen, ete. as perfect. They 
will therefore, be similarly discussed as for air above. Where y is 
the same for two gases, the velocities in them under the same conditions 
of pressure and temperature are inversely proportional to the square roots 
of their densities, Since the density of a gas is proportional toits molecular 
weight, we may also say that the. velocities in two, gases of the same y and 
under identical conditions, are inversely proportional to the square roots of 
their molecular weights, 

An Alternative Method for Considering Factors affecting 
Velocity of Sound. We know that the equation of state for an ideal 
gas of which a mole is considered, is 

PV=RoT and V=M/p where M is the molecular wt. 

Then we have PM/p =RoT and yP/p=7Rol/M 

i. Velocity of sound e= »/yP/p= JIRTIM (T11-4.6.4) 

This relation tells us that the velocity of sound through a gas is y 

ai. (i) independent of pressure, for P is absent from the expression i) 

J (ii) varies directly as'the square root of absolute temp. T 

(iii). varies inversely as the square root of molecular wt. M i.e. p. 

g (iy) varies as the square root of 7 which depends on the number of 

atoms in the gas molecule. ! 

Example. I-41. An observer sets his’ watch by the sound of gunfire from a 


distant tower. His watch is found to run 2 s slow. If the temp of air be 15°C and 
velocity of sound at 0°C is 332 mls find the distance of the tower. [ Pat. U. Gau. U.) 


Solution: Velocity of sound increases by 61 cm/sec’ for 1°C rise in 
temperature. Hence the velocity of sound in air at 15°C is c=332 +0.61 x 15 


= 341.55 metres/sec. 


se VIBRATIONS AND WAVES 


Since the observer finds his watch too slow by 2 seconds, sound took 2 sec. 
in travelling from the tower to the observer and covered in that time a distance 
equal to 2x 341.15 = 692.3 metres. 

Ex. Wl-4-2. Find the wavelength in air at 30°C corresponding to 512 e.p.s 
when the ‘velocity of sound at OO is 332 meiresfsee and coefficient of volume 
éapansion of air iis 0.00366. {And U.) 

Solution : Welocity of sound in air at 30°C is given by 

i 1) neim calitat) = 382(1 + Fix 0.00366 « 30) 

= $32 x 1.0549 metres/sec. 
<. Wavelength A = c/n = 332 x 1,0549/512 
= 68.4 om. 

Ex, I1l-4.3. Find the barometric pressure when the velocity of sound in air is 
340. m|s and density of air is 182x1058 gloc. given thaty = 141, (U. P; B.] 
ı Solution ; Weknow thate m JyPip, iP ely Hog 
where H isthe barometric beight and ¢’ the density of mercury. 
tp A= eofap'g 

= (840 100)? x 1,12 x 10-#/(.Al x 13.6 x 981) = 74,99 cm. 

Ex. I11-4.4. Caleulate the velocity of sound in air qt 100°C if the. density of air 
ds 0.001293 gmJc.c. and density of mercury 13.6 gm|ce. both at 0°C,specific heats 
at constant pressure and constant volume for air are 0.2417 and 0.1715 respectively. 

(Lond. H.S.C.) 

Solution: ‘The required ve locity at 100°C is 


hut) PYZP /? 

j Cipo =° S yz > V? i ; 
where P is the normal atmospheric pressure, pthe density of air at QC and 
+ the ratio of its specific heats, Now ’ 


P = hog = 76% 18.6981 and y = 0.2417/0.1715. 


Le orge = V DAT TORTS ORO | / 38 
omb “Ooops y 28 
= 383.6 metres/sec, 
Ex. I-45. The planet Jupiter has an atmosphere com; i 

posed mainly of methane 
(OH) at œ temperature of -1800. Find the velocity of sound on the planet 
assuming Y for the gas tobe 13. (Ra 8.3. doules[Olgm. molecule)... { Oxf. U. } 
Solution: Eq. TH-4-6.4 shows that velocity of sound is given by c= VJRTIM 


Now from our data y= 13.) R = 88x107 er, «molec 
OH, = 12+4 = 16 and 7 = — 180+273 9 a4gk eis oo 


3 on 4/ CRDA I ve 310.6 metres/sce, 


Problems; (1) Ifthe pressure in a vessel containg hydrogen be equal to 
that due to 76 em of mercury, find what will be the velocity of sound ‘through 
hy drogen, given, that its density under the given condition is 0.09 g/litre, lake 
4 = Vl and g = 981 cm/s?. (Ans, 126x108 ems.) 
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(2) At 300 the velocity of soynd in gir is 350 m/s--What is’ the value 
atO?  ( Ans, 8318 m/s5 ) 
(3) If the velocity of sound in open air at STP be 33) m/s, what will be its 
value at 50°C and 70 cm/Hg of pressure ? 
(Ans. 3602 applying Eq. IIT-4.6.2, It is better to use the previous Eq.) 

m-4.7. Velocity of “sound in liquids. When sound travels 
through a liguid the wayes are still longitudinal. Hence c= ,/, Klo 
for velocity of sound still holds. The compression of the liquid is so 
small that jt is immaterial whether the changes in the medium are 
taken as isothermal or adiabatic. . Though strictly speaking, adiabatic 
volume elasticity should be considered, experiments yield its isothermal 
value. For. water at least, the two are almost equal. Thus yelocity of 
longitudinal waves in wateris given by the square root of the ratio of 
isothermalelasticity to density ic. Jp. 

An accurate knowledge of the speed of sound in sea-water is required 
in the caleulation of its depth by the echo depth-sounding method. 

Velocity of sound through seawater can be determined easily hy the 
radio-acoustic. method where. two ships take part. Brom one, a radio 
signal igs sent out and simultaneously an under-water depth charge 
detonated. . The two signals are received. by the other ship at a known 
distance away. The reception of wireless signal marks the start of the 
sound waves and the’ method is exactly analogous to the signal method 
of finding the velocity of sound on land. 

Underwater signalling experiments have given the following results 
for sea-water :— uty PAGS ae 

(1) The velocity near the surface at temperature ¢°O is 
c= 1445.5 +8,92t—0.024t? m/s for salinity 3.5% by weight. For 1% 
increase in salinity the velocity increases by about 13 m/s. 

(2) -Loss of intensity with distance, ie. attenuation, is small and is 
due mainly to non-homogeneity in water caused by changes of tempera- 
ture. and salinity. That is why sounds under water can be heard at 
very great distances, Hor. this. reason lightships and buoys are provided 
with magsive underwater bronze hells, whose sounds are picked up by the 
ships’ hydrophones far fan away. 

(3), The range of sonadis much greater in winter than in summer. 

For, solids.in the, form of rods and hays the velocity of sound is 

c= ./¥/p where ¥ is the Young's modulus of the material 

and, c= w(K €u)/p. for extended solids where Kand n are bulk and 

rigididity moduli of the material respectively. 
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Velocity of sound in other media. Velocity of sound in solids i is. 
in general higher than that in liquids, and that in liquids higher than. 
that in gases. Some values are given in the table below. 


Velocity of sound in different media 


Gases at S. T. P. Solid rods and water W 
metres/sec. metres/sec. 

Air 831.5 Copper 3790 

Hydrogen 1286 Steel 5150 

Oxygen 814.8 Glass (crown) 47105300 
Sulphur dioxide 211 Brass 8130—3450 | 
Carbon dioxide 260.3 Water (25°O) 1497 

Ammonia 415 Sea-water (18°0) 1516 


re 


Ex. M-4-6. An explosive on a-rait is detonated by the passage of a train 
passing over it. A listener one kilometre away with one ear on the rail, hears two 
reports. Explain the phenomenon and calculate the time interval between the two 
reports. Given, Young's modulus P for steclm2x10** dynfom®, p of steel=7.8 
glem”, p of air= 0.0013 glom*, y for air1.4 and atmospheric pressure=10" 
dynjom*. [ Oxf., Gau UJ 

Solution: With one ear onthe rail, the listener receives the sound of the 
signal through the rail and with the other ear inair hehears the sound coming 
through the air. Velocity in the two media being different two reports are heard. 

Velocity of sound through the rail, 

om Np =. N2%10 8/78 = 5064 m/s, 
+, Time required for this sound to travel -through 1 km of. steel. is 
t = 16*/5064=0.2 s. 


Velocity of sound through air, 


om JyP = NTAX10*/0-0015=828-4, m/s. 

s. Time required for sound to travel through 1 km of air is /=109/3284 
= 3.06. Hence the time-interval «(t-1') =2.8, 

1114.8. Doppler effect. It is an effect associated with waves when 
the source or the receiver is moving. Wher any one or both are in 
motion, the apparent frequency heard is‘ different from that emitted 
by the source. The effects upon the apparent frequency of a wave 
is produced (i) by the motion of the source ‘towards or away from an 
observer at rest, and (ii) by the motion of the observer ‘towards ot away 
from a stationary source, are known as Doppler Effect. 


Broadly speaking,we may say that the Doppler effect is the apparent 
change in frequency as perceived by an observer ‘when there is relative 
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motion between the observer and a-source emitting ‘periodic waves, thé 
motion océurring along the line joining the source and the observer. j 

The whistle of a railway engine or the sound emitted by a moving 
aeroplane appears to have a higher frequency as it approaches an observer 
at rest. As the source moyes away from the observer, the. frequency 
appears to be reduced. When a moving observer approaches a source of 
waves, the apparent frequency increases. When the observer moves. 
away from the source, the apparent frequency falls, These are all cases 
of Doppler effect. The, effect is common to all wave motions including 
sound and light. For the effect to be appreciable the velocity of the sowrce 
or observer must be an 


appreciable fraction of the Dinix B ss 

; —e 
wave velocity. In calcula- i y 
tions. let ¢ stand for wave (Meee 
velocity. i MN 


A. (i) Source moving : 
Observer at rest. Let the 
source S be moving towards the observer with velocity vs. The n waves 
emitted by it in one’ second will be contained in a distance o—vs. (fig. 


Fig. If1-4.5 (a) 


o p s— 3 Til-4.5a) and will have a 
OE ea cent ae wavelength A =(0—v,)/n. 
x , The obseryer will take them 
DARIN as waves of frequency 

REIT nig LES TES n'=c/4'=nol(o=v.). ‘The 

Fig, I-45) - change in frequency is 
n’—n=nn,l(o— va (T-4.8.1) 


Tf the sourco is moying away from the obse: 
wo shall baye [ fig. II-4-5(b) ] 
n =nol(e+0,) and n~n =m tvs). 


negative, In that, fon 


rver, the sign of vs will be 


(10-4.8.2. ) 


(ii) ‘Observer moving ; source at rest. When the observer moves 


towards the source with a velocity Vo ( 


peer I 


fig. III-4.6) he receives in one 


-5 


second all waves contained in & distance c+vo, 


Fig. 1114.6 


This number is 
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l= (ero)! A=(e+v0)/(olm) as -m waves are contained in a distance c: 
‘Hence the apparent frequency is 2'=n(e+w)/c. (HE-4.8.3. ) 
It is greater than n. 
Tf the observer is moving away from the source with velocity vo, the 
sign of vo in the above relation will be negative, ‘Thus 
n’ =nlo— vo)/c- (101-4.8.4. ) 


‘Tt ip less than m. 
‘Remember that in all these cases n’ is the frequency as it appears to 
‘the observer. 


Problem. For the same relative velocity of approach between a source of 
sound and an observer, show that the rise in frequency is greater when the source 


-is moving. 

Source and observer both moving. Let the source approach 
the obseryer with velocity ‘vs, while the observer at the same time 
approaches the source with velocity v Then waves of “wavelength 
(c— va)/n approach the observer. ‘Then the waves received by the observer 

in one second are contained in a distance c+v,. Since these waves have 
the wavelength (c—v,)/n, the number contained in the distance c+. is 
piven by 
otv, 
(c=, 
This is the apparent frequency perceived by the observer. If either 
‘the pounce or the observer move away from the ather, the sign of its 
Velocity in the above relation will have to be accordingly reversed. 
F o) Effect of wind, It there is a wind of velocity w in tho 
irection of o, o is Pavey ieoa to c+w, This applies to all of the 


last three equations, s from eq. IMT-4-8.5., we shall then have 


wis wets. om vovenn AiBIL-4856> ) 


, 
n= 


am otvo A(I-4.8.5. ) 


Cm Us 


Fig. I-4.7 


The equation may be taken as the most general one in Doppler “effect 
yhen all motions are inthe same line: With proper considerations 
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of sigs of Vj iid vy and With w=0 (medium Hot movifig), it Fedticés to. 
thé appropHite relations stated eAtlier. You nitiat note catStully thë igh 
of 0» ahd vd: 

Ex. iil-47. A motor car ‘approaches and passes a stationary observer with a 
speed of 20 mph. If the horn emits à frequency of 300 Hz, what will be the 
(i) absolute change in frequency, (ii) percentage change in frequency as the car 
passes the observer ? (Speed of sounil=720 mph.) 

Will the percentage change aller if the horn had some other frequency ? 

Solution: The apparent frequency n’ at approach is n'=3C0X (720/700) = 3087... 
That at recéssion is given by n"=300x (720/740)—291°9, Absolute change in 
feiereg sog ~ 201-0 16 8H Perceitage —  chänge=16'8 +300) «100—5'6, 
Tt will not alter 80 long as the speed remains the same. 

B. Doppler Effect in Light. ‘This is common to all. types of wave: 
motion. But for demonstration, the relative motion between the source 
and the observer should be a sizeable fraction of the wave velocity, So 
Doppler effect is easily demonstrable in sound. Sitice light has a very 
high speed, its Doppler effect is much more difficult to detect, because 
the relative mötión Between the light source and the observer is very 
smäll. “Stellar bédies moving towards or away from us do show Doppler 
effédt, ‘The Wavelangth of light from receding bodies, when analysed 
with a spectroscope shows a shift towards the red end of the spectrum. 

When the spectra of light from the eastern and western edges of the 
sun are separately examined, it is found that Fraunhofer lines are displaced: 
towards the red end in one case and towards the violet. in the other, 
A shift toards the red means an increase in wavelength and hence a 
lowering of frequéncy: Lowering of frequency is explained if wa assume 
thatthe sources is moving away (föċëding) from us. Violet shift mealies 
thit the sotitée is Hoving towàrds thé dbwerver. The ted and violet shifts 
Of spectral lines from the two edges of the sun indicate that the sun is 
rotating about a north-south axis. (Tts period of ‘rétation his been 
determined in this way.) 


Spectral lines of light from very distant galaxies show a péd shijt.. 
From the amount of Shiff one can calculate the speed with which such a 
galaxy is moving away from us. Accurate measurements gave the very 
important and astonishing result that distant galavies are all moving 
away from us with a speed proportional to their distances from us. This 
observation gave rise to the théory of the ecpanding wniverse in cosmology, 
(Cosmology is the science of the nature, origin and history of the universe.) 
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_ O. General Case. When the motion between the source and, the 
observer is not along the line joining. the two, but inclined to it, the 
Doppler effect will be due to the component of the motion along the 
line. The perpendicular component does not contribute to the Doppler 
effect. Only the axial component is effective. 


‘Tn such a case the frequency changes continuously. Let the source 

o be movingalong AB (fig. I-48) 
with a velocity u while the 
observer remains stationary 
at O. At S1. the component 
yelocity along 5,0 is «cos 0 
and is towards O, ‘The 
L Fig. 111-48 observer therefore hears a 
‘note of higher pitch whose frequency is given by 


wits ATA (1-48.14) 


c—%& cos 0 


„where cis the velocity of sound and m the frequency of the source. 
When the source is at Sq, the component of u acts along OS, and away 
-irom O, with a magnitude u.cos <. So now the frequency becomes lower 
and is given by 

" c 


f n = “para (T11-4.8.76) 
At/N, both 6 and & are 90° ; so the components vanish and the observer 


hears a note ‘of the same frequency as is emitted by the source, 


Ex. 111-48, A train passes a railway station with a veloci 

> 3 ity ofi 40 mph 
continuously whistling at a steady frequency of 256 per sec. Find the frequency 
apparent to, 8 stationary observer on the platform (a) when the train 1s approaching, 
(b) when it is receding. Velocity of sound = 1120 ft./sec. {c. U.) 


Solution: 40 m.p.h. = 7B te jooe. 


(a) Since the source approaches the stationar 
observer, thi equenc) 
Basi ga y , the apparent frequency 


b at ag ot 1120 x 3 
mw 2m 250% ay agg = 286 Tara = OL perdi 


where w is the velocity of the source. 


p 
i {b) Since the source is receding. the apparent frequency, is 


fn 2 = 256 x uox = 243,2 per see, 


a 
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Ex. I-49. A spectroscopic examination of light from a certain star shows that 
the apparent wavelength of a certain spectra! line is 5001 Â, whereas the observed 


wavelength on earth for the same line is 50004. Find the direction and speed of 
movement of ‘the star in relation to the earth. (C. U.) 

Solution + Since the apparent wavelength is larger, i.e, the apparent 
frequency is smaller, it is acase of recession, i.e, the star must be moving away 
from the earth, Lét ¢ be the velocity of light, à the true and 2’ the apparent 
wavelengths, and mand n’ corresponding frequencies. Then 


wi : - son orv = 0/5000 nearly=1,5x 10* m/s 

Ex. III-4.10. An engine approaches a bridge at 5 ftsec, while sounding a 
whistle of 500 ¢.p.s, The sound s reflected from the bridge. Find the 
frequency of thë beats heard by an observer seated in the engine if the velocity of 
sound be 1100 ft. 

Solution ‘s . The observer is receiving two, notes, one directly from the ‘engine, 
the other after its reflection from the bridge. The frequency of the sound 
received direct is unchanged. 

To find the frequency of the reflected sound, the simplest plan is to consider 
the sound “image” of the whistle as the source. Since the bridge behaves 
as a plane reflector, this “image” is formed as far behind the reflector as the 
source is in front of it, the line joining them being perpendicular to the reflector, 
Since the reflector is fixed the image moves in adirection opposite to that of 
the source with equal velocity. Hence the “image” of the whistle approaches 
the observer with a velocity of 2x5 ft/sec, For this relative velocity of 
approach the apparent frequency n' = (1+ Vic) = 500(14 10/1100). "This 
beats with the source frequency of 500. Hence the number of beats 
= 500 x 10/1100 = 4.6 per sec. 

Ex. I-411, Two observers Aand Booth have sources of sound of frequency 
500. If A remains stationary while B moves away with a velocity of 6 ft{sec find 
the number of beats heard by A and B, (Vel. of sound=1100 [tdsec.), 

Solution: Beats heard by A: Tn this case the observer (A) is stationary and 
the source (B) is moving away. Hence by eq. IIT-4.8.2 

n=n seu 7 50 x Ting = 497.29. 

s Frequency of beats/see = 500 — 497,29 = 2,71, 

Beats heard by B: Here the source:(A) is stationary and the observer (B) is 
moving away. Hence + 


ori a 1094 = r 
LET 500 x ap = 497.27 
~. Beats heard by B = 500 — 497.27 = 2,73)sec, 
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1-5.1. Impact of sound waves on surfaces of discontinuity and 
obstacles, When sound waves trayelling in a homogeneous medium fall 
on a surface separating two media, (é) a part of the wave-train is thrown 
back into the original medium in the same form and travels with the same 
yelocity while (ii) the rest passes into the second medium with a, change 
in velocity and generally also with a change in direction, The first 
phenomenon is known as reflection and the’second as refraction. The 
same thing Happens at a surface separating regions of different densities 
inside the same medium. 

When sound waves meet a rigid obstacle, their behaviour is determined 
by the size of the obstacle relative to the wavelength. Three cases may 
arise : 

(i) When the obstacle is Very large compared with the wavelength, 
the wavés are feflected back into the medium with the formation of a 
shadow region behind the obstacle. 

(ii). As the object diminishes in size and becomes comparable with the 
wavelength, the waves bend round its corners iñeřeàsingly and encroach 
into the shadow appreciably. ‘The phenorhénon is ealled diffraction. In 
sound it is quite noticeable but Hob in light. 

(iii) When the obstaclé is smaller than the Wavelength, it serves as a 
gource of new Waves spreading out in all directions. This is known as 
scattering. Small inhomogeneities in a medium also cause scattering: 
It is more noticeable in light causiiig brilliant reddish sunrise and sunset. 

I1-5.2. Reflection. Like all wayes, sound waves are reflected under 
proper conditions. Reflection of sound plays an important pari in a 
number of phenomena. Echoes, rolling of thunder, reyerberations in 

auditoria etc., speaking tubes, stethoscopes, and wind pipes provide 
examples of reflection of sound. 

For regular reflection, the dimensions of a surface must be large and its 
irregularities small compared with the wavelength. Since sound waves 
are long we require large reflectors to produce regular reflection. A big 
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enough brick’ wall can reflect sound but not light, because its irregularities 
are small compared with the wavelengths of sound but quite large for 
those of light. Light is reflected diffusely from reflectors that reflect 
sound regularly. Ultrasonics are reflected easily from small reflectors. 

A surface of limited dimensions does not reflect all wavelengths 
equally, Shorter waves are more strongly reflected. 

The geometrical laws, of reflection of sound waves are the same as those 
of light waves, But this is not ordinarily appreciated because the sound 
waves are long and it requires large reflectors to reflect, sound in the same 
way as light.. Sound is reflected from walls, hills, rows of trees ete. The 
most familiar example of the reflection of sound is the echo ($15.3). 

Formerly, big halls were sometimes provided with. large parabolic 
sound reflectors, called sound boards, behind the dias. A. speaker 
standing there was at the focus of the reflector. The sound rays were 
rendered parallel by reflection at the board. So they could travel over large 
distances’ before dying out. In churches, concert, halls and. show, houses 
the back walls and the -ceilings are suitably curved so as to concentrate 
sound by reflections.. One such, stood in the vanished Senate Hall of our 
Calcutta, University- j 

Other applications of sound reflection, To transmit, sound over 
short distances, without much loss of intensity a speaking tube may be 
used. , Such, tubes were 
generally installed in large 
buildings and, steamships. 
Essentially,:,a speaking 
tube is along metal pipe 


of small diameter with a 3 
funnel.shaped end called the mouthpiece. Tt collects the sound. waves, 


which pass into the tube They cannot spread out but travel down the 
tube, being successively reflected at the walls of the tube, ( fig. I 6.1,). 
Finally they leave the tube at the other end. The intensity of sound 
is thus maintained without much loss, 

Physician’ stethoscope is an illustration of this principle. A little 
beyond the collecting funnel the tube bifureates into two branches which 
separately go to the two ears. 

1-5.3. Echoes, A sound heard by reflection and clearly distin- 
guished from the original, is called an echo. For its formation, an echo 
requires a suitable reflector such as an extended walla cliff etc., whose 


5 


Fig. I-56.. ” 
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jrrogtilatities arë small compared with the wavelength of “the "sound. To 
heat tho Sound and its ‘echo Separately the reflector’ must be at a-sufficient 
distance, which may be calculated as follows : 

“A sensation of sound persists in the brain for almost 1/10th ‘of a'séco 
after it is heard. Hence to recognise a sound and its echo as sepatate, at 
least this interval must pass between them. In our country, the velocity 
of sotind Whder Ordinary conditions (a! mean temperature of 80°C and a fair 
amount of moisture in the air);'is about 850°m/s. In 1/10th^of a’ second 
sound travéls 35° min the sir. Thus to hear distinctly the echo of a 

“sound ot’sHort Wuvation, the distiined between "thé source and the reflector 
must'be at leist” 17.5 m. “The “sovitce’ and “listener are Supposed to “be 
‘close together. 

The runtbling ‘and rolling of thunder is aks tothe echoing of a peal 
‘of thunder ‘froma number of teflecting” surfaces such as*clouds, rocks, 
Moutain sides, forests) surface’ of “séparation Between Air currents, etc: 

Mhe” continuous’ runibling is’ due to tthe” fact that'ëchôes reflected from 
different 8ourées enter’ the’ eat at intervals of èss than 1/10th of a°second. 

In big halls it is often noticed that a continuous rolling of sound 
persists for some time after a loud sound has ceased. This is known as 
revétbet'ation ‘and is due’ to” multiple fetlections from the ‘walls. At 
every reflection there is loss of some energy dueto absorption. If 
absorption at the walls is small, the sound waves last long enough before 
they become inaudible, and give rise to the revérberation. Open windows 
are vory effective in reducing reverberation, since sound waves incident 
‘on them pass into the outer atmosphere and are completely lost to the 

room. It is to prevent these reverberations and increase the absorption 
of undesired sounds that large halls and cinema houses are’ carpeted and 
part of the walls thickly cushioned with soft, sound-absorbing materials. 


md 


Echoes are used by whalers in Arctic waters to locate an iceberg 
(or land) in a dense fog at night. For this purpose a whistle is sounded or 
a short sharp sound made. By timing the interval between the signal 
and the receipt of the echo an iceberg may be roughly located and the boat 
steered clear of it. 


Jf a sharp sound is made near a flight of steps, the reflections from 
adjacent steps will reach the listener in a regular succession. ‘This may be 
fast enough to produce a musical note, the echelon echo. 


Ex. 111-5.1. A ship A is at anchor at a distance of 1000 yds from a vertical cliff. 
Another ‘ship B is in between A and the cliff. When B gives a short blast on its 
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siren the sound is heard twice at:A at an interval of 3 secs. Find the distance 
between the ships if sound travels 1100 ft/sec. [ Lond, U. | 

Solution: ‘The first sound heard at A comes directly from B. ‘The second 
one is the echo from the cliff of the siren blast at B. If x ft, be the seperation 
between the two ships, the distance of B from the cliff is (3000 - x) ft. At A, the 
first sound is heard #/1100s after the siten.sounds on B, The second sound is 


heard at A after the sound. travels from B to the cliff and back to A. Hence at A 
it is heard [2(8U00 - x) +]/1100 secs after the blast. Then from the given data 


2 (3000-4) +a _ x 
1100 1109* 


6000 — 2x + æ — x si 
T To TTnet 3 secs or a = 1350 ft. 


=, 8 secs. 


Ex. 11-5.2, A man standing between two parallel hills fires a gun and hears 
two echoes, ome 2k seconds and the ather 3% seconds after the firing. If the velocity 
of sound'is: 330. metres|sec, find the distance between the two hills. How long wili 
it take him to hear the third echo? 

Solution: The first echo, is received, after 2; seconds. Hence the sound 
has been reflected 1} seconds after the firing, In that time the sound trayels 
330x14 = 412*5 metres, Hence the distance of one of the) hills, is, 412:5, metres. 
Similarly ‘the distance of the other hill is;830 x 3} x. } = 577-5 metres. , So the 
seperation of the two hills is 4125 + 577-5 = 990 metres, 


The. first and the second echoes will again be re-echoed from the second and 
the first hills respectively. For this the sound must altogether travel the distance 
between the hills twice. Hence. the third echo will be heard 2 x 990 + 330 = 6 
seconds after the firing. ; Note that this echo, is formed by one reflection „at: each 
of the two hills. 

I-54 “Echo depth-sounding. 
Depths in the sea are often measured 
by timing: the reflection of a, sound 
from the sea-bed. There are many 
compact devices used for the purpose. 
Though they differ in, details they 
employ the same principle, which 
isas follows: A sharp sound, now-a- 
days, generally a strong pulse of 
ultrasonic waves, is produced near a 
hydrophone I (a device similar to a 
microphone, fig T1I-5.2) submerged 
in water. The hydrophone responds 
twice to the sound, once to the 
original one and again to the waves 


Fig IH-5.2. 


reflected from the sea-bed. ‘The time interval between the two events is 
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automaticaly recorded on a device which also measures short time intervals” 
accurately. Ifthe time between the two responses on the hydrophone- 
js é and thë velocity of sound in sea-water is c, then the depth at 
that place is d= Sct. , 


Reflection of ultrasonic pulses from a near or remote surface of ~ 
discontinuity has found many important uses. Depth sounding, location y 
of wrecks in seas, shoals of fish and submarines arè some of the other ones- 
The recent applications are in the field of medicine for diagnosis. For 
this purpose ultrasonics are much better than X-rays. They can presenti 
the movement of the heart on a screen, or the movement of a child in the 
mother’s womb. Detection of brain tumours has become an easy. matter 
using an ultrasonic device. Detection of flaws in metal castings is easier 
with ultrasonic pulses than with X-rays. The records are said- to be 
ultrasonographs. yi 

Ex. 11-5,3. An observer at a certain distance from a cliff? notes that the interval 
between the sound he makes and its echo is 3 seos: He walks 550 ft. nearer and the 


corresponding interval ‘reduces to 2 secs. Find (a) the'velocity of sound, (b) the 
observer's original distance from the cliff. [ Lond. U.] 


Solution : Let the distance between the cliff and the observer be w ft. and the: 
velocity of sound o ft/sec, Then ` 
2xlo = 3 secs, and 2(2—550)/c = 2 secs. 
Solving for # and c we get æ = 1100 ft/sec, and @=1650 ft. 


Ex. 1-5.4. An echo completely repeats a word. of six syllables,- Find the 


minimum distance of the reflector if sound travels 1120 ft./sec. [ Gau. U: ] 
Solution : A monosyllable: 
ei =< z requires 1/5th of a: second — 
‘S | Vs to utter and its impression 
s h! 40 to die For a six-syllable 
N i ' 5i 7) word the corresponding time 
Neg? is 6/5 sees. During this 
sdy interval sound travels 1344 ft- 
ee Hence the reflector must beat 


half that distance, i.e. 672 ft. 


Ex. 11-55. A pilot while — 
flying parallel to the ground with a velocity v fires a pistol and receives the sound 
reflected from the ground hears ts later. Find his height from the ground. 


Solution : The paths of the sound is shown in the above figure, Clearly 
the height his VAB: - A07. Now AB = et/2 and AC = v.t/2 


‘hes Rt (e? -ii 
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Problems (1) A pilot flying horizontally at 120 m.p,h, fires a gun and hears 
-the echo 3s later, Find the height of the plane, given the velocity of sound 
= 1120 ft/s, (Ans. 1659 ft) [ H. S. 81) 


(2) A person 112 ft, from a vertical wall uttered 6 syllables in succession. 
Will he hear the echoes of all syllables. If not, which one will it be? c= 1120 ft/s 
(Ans, Last syllable) LJ. B. E. ’733] 


(3) A drummer standing in front of a large hill finds that he does not hear 
the echo when the drumming rate rises to 40 a minute, He approaches the hill 
by 90 m and finds the echo again disappearing when the drumming rate rises to 
1 per second.’ ‘Find the velocity of sound and the initiai distance of the drummer 
from the hill. (Ans. 360 m/s, 270 m) [L 1. T. 74] 


(4) The echoes from a pair of parallel hills for a gunfire from a certain point 
in the intervening valley are heard successively 2, and. 48 after the firing. Find 
the width of the valley, Is it possible to hear the subsequent eehoes at the same 
instant and at the same point ? If so, after what time? ¢ = 330 m/s. 


(Ans. 1080m ; Yes ; 6 s) [L L T. '73] 
(5) Asharp tap in front of a flight of stairs produce a musical sound. If 
c = 340 m/s and each step } m deep find the frequency of sound, (Hint. n=o/2d), 


11.5.5. Refraction of sound. When sound waves fall on a surface 
soparating two media, a part of it enters the second medium and travels 
with a different speed, When the incidence is oblique a change in the 
direction of traveloceurs, If¢ is the angle of incidence and 7 the angle of 
refraction (considered as in light) then s 

sin Cty (15:5.1) 

sin” Os 
where c, and ĉa are the speeds of sound in the first and second media 
respectively. y is,the refractive indem of the second medium relative to 
the first, Sound rays bend away from the normal in the medium in 
which the speed is higher. ‘The medium in which the speed is slower 
corresponds to the optically denser medium of light. Very little of the 
sound energy travelling in air enters & solid or liquid medium, because 
most of the energy is reflected at the boundary. due to large difference in 
the pe values of the two media The product pc is called the charactoristic 
‘impedance of a medium, where p is medium densitys ©, the sound velocity 
in that medium. 


Sound, like light, may be refracted by prisms and lenses of suitable 
materials. The geometrical relations are the same, but owing to the 
largeness of scale such experiments are inconvenient to perform 


and interpret. 
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To demonstrate the refraction of sound waves a thin rubber” balloon 
is partially inflated with OOs gas and placed between a Galton’s whistle 
a high-frequency source of sound and a sensitive flame, a detector of high- 
frequency sounds, Keeping the whistle several feet away from the balloon 
the flame is gradually moved away. At one particular position of the 
flame, for a given position of the source with respect to balloon, the flame 
roars violently. This is because the denser gas in the balloon makes it 
behave as a convergent lens, and the positions of the source and the flame 
represent acoustic conjugate foci. The acoustical image however is not so 
well defined as in light. Filled with Ha gas the balloon would behave as 
a divergent lens, as sound moves faster in hydrogen than in air, 


“A. Total Internal Reflection, In’ passing from a mediuin in which 
the speed of sound is lower, the sound rays bend away from the normal. 
For a particular angle of incidence, called the critical angle (8), the angle 
of refraction is 90°. Then from Snell's law we have sin 0=u where » is 
the ratio of the lower speed to the higher. For sound travelling from 
air to steel, 

ci _ 332 


=y = 5 s =4° : 
sin 0= 4 i sao" rence 9=4 (nearly). 


Since all ‘sound rays’ incident on steel from air at a greater angle must 
suffer ‘total internal reflection’, the speaking tube (fig. 1175.1) can transmit 
sound with little loss over a long distance. 


Thè speeds of sound in air and water are 330 m/s and 1450 m/s nearly. 
This gives a critical angle of about 183°. Sound rays in air incident on 
water at a larger angle will be totally reflected, i 


B. Refraction by air of varying temperature. A sound on shore 
may be heard from a good distance on a boat on an expanse of water at 
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(a) (b) 
fig. I-53 


night; but under the same conditions it may not be heard in daytime-~ 


REFPFRACTION ©) OLS 7i; 
This is: due to, rafraction, arising out of, varistioniof temperature at 
diffèrent altitudes. At might) the air just.above the water, jis cooler, but, 
higher. up iti is warmer. Hence, the sound +travels--faster in the, upper 
layersithan in the lower ones. Asia result, the upper part of the wave- 
front precedes the lower part (fig. III-5.3) and the waves bend) downwards. 
This. phenomenon may be compared with a superior mirage (see LIGHT), 
In daytime the entire. phenomenon is reversed as the_ air in contact with 
the water is warmer. In this case, the sound wayes bend, upwards and 
do not reach, the, boat, | 


C. Refraction due to wind. Sound from a source is better heard 
in the direction in whieh the wind blows than against it, The whistle of 
a train or the tolling of a bell from a temple or a church is heard when 
the wind is from its direction, while it may be quite inaudible at other 
times... Whe wind blows, the upper layers of air move quickly than the 


GOORAUDIBILI COR AUDIBILITY, 
(LEE WARD 2] QWINDNARD SIDE) 


Fig. TII-5.4 


lower since the latter ate retarded by trees, houses etc, on the ground. 
The wavefront of the sound moving in the direction of the wind therefore 
bends downwards. Moving against the direction of the wind they bend 


upwards (fig, II-5.4) 


Reports of very loud explosions may be heard at distances where the 
ground wave does not reach. This is due tortotal reflection from layers 
of air high up in the atmosphere where the temperature of air begins to 
increase. In this way the existence of an atmosphere at a height of 25 to 
40 miles has been established. The effect is similar to the formation of 
superior mirage as in fig, T-5.3(a) 
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L5-6. Diffraction of sound, Whenever a sound wave passes the edge 
of a’large obstacle it is found to bend round the corner. It is fortunate 
that it does so, Otherwise, we would not hear a sound if the source 
were screened. The bending of the waves round the edge of an obstacle 
is known as diffraction, 


When sound waves fall on an aperture whose dimensions are 
comparable with the wavelength, the waves spread out into the region 
behind the screen. The spreading occurs over a hemisphere if a < », 
abeing the opening of the aperture and 4 the wavelength. As aj) 
increases, the spreading diminishes. When a is seyeral, times the value 
of A, we get.a directed beam of sound. The same results hold ifa 
represents the dimensions of a source of sound, such as a loudspeaker or a 
vibrating membrane: 


In music the wavelengths range from about 10 metres to 8 em (32 cps 
to 10,000 ops). If a sound issues through an aperture 1 foot (80 cm) wide, 
high frequency waves will spread out (be diffracted) very little, while low 
frequency sounds willbe propagated in all directions behind the screen. 

When a loudspeaker of the above diameter (80cm) reproduces music, 
short waves do not spread much laterally, while long waves do. Soa 
listener situated well off the axis of the loudspeaker will not hear the 

. higher frequencies, The music will sound unnatural to him. 


All the above effects are due to diffraction: 


Ill-6 
SUPERPOSITION 
OF WAVES 


Il-6.1, Principle of superposition. A very simple principle, first 
-enunciated by Huyghens in connection with light waves and called the 
-principle of superposition, can be used to explain the effects we find, 

when two sound waves, are superposed on (ie, fall on) each other. Tt states 
that when two or more wave-trains are superposed» the resultant displacement 
is equal to the vector sum of the individual displacements, provided they are 
small. The principle, though strictly valid for “waves of infinitely small 
amplitudes,is nearly true in all ordinary cases. The principle also holds 
for light waves. 
Many important phenomena in sound arise due to superposition of sonic 
waves (waves of audible sound) from two different ‘sources or two wave- 
- trains derived from the same source. In discussing them by the principle 
of superposition, we assume that 

(1) Passage of waves through one part of a medium is not affected by 

the simultaneous passage of other waves through the same part of the 
medium. ‘ot we notice that after the waves have crossed the region of 
overlapping, ‘they maintain the frequency, amplitude and other charac- 

- toristics unchanged. (When two persons talk simultaneously, the voice of 
one is not modified by the voice of other.) ‘This is, as you should recog- 
niso, a consequence of the Principle of Independence of vectors. 

(2) The resultant displacement is the vector sum of those due to 
“individual wave-trains. 

‘The principle applies to all cases regardless of the directions of wave 
propagation or the frequency of the individual wave-trains. But cases of 
practical importance are those where the waves have equal or nearly equal 

“frequencies and same or slightly inclined directions. Three such cases 
are important to us at present, namely, 

(i). Beats, which occur when two wave-trains of nearly equal frequ- 
-encies and amplitudes moving in the same direction overlap. 

Gi) Stationary or standing waves, which occur when two identical 
-wave trains moving in opposite directions overlap. 


—_ e 
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(iii) Interference, which occurs when two wayetrains of same 
frequency and equal or nearly equal amplitudes overlap, their phase diff 
at a point retaining a fixed value. 

„ 10-6.2. When two notes of nearly equal frequencies and 

amplitudes are | ick together the resultant intensity rises and falls at 
regular intervals, This phenomenon of rise and fall of sound is known as 
beats. A beat consists of one rise and one fall of the sound intensity. 


Take two tuning forks of the same frequency and load a, prong of any 
one of them. with a drop of wax, thereby lowering its frequency, Excite 
both the forks at the same time. Beats will be heard. Beats may also 
be heard by pressing the two keys to the extreme left of a harmonium 
while playing it. 

A. Perception of beats. To hear beats Bilal. the following 
conditions should be satisfied :— 


(i) The difference in frequency of the two notes should’ be small. 
When this difference exceeds 6 per second the effect.on the ear begins to 
be unpleasant. Beyond 10° per second the beats, become too fast to be 
cloarly distinguished. 

(ii) The difference in amplitude of the’ two-notes should be small. 
Loudness of a note depends on the amplitude, of vibration... In the case 
of a large difference in amplitude the beats will not be clearly recognised 
as the weaker sound will not appreciably affect, the louder one, 

Gii). Toproduce'a clear effect the.two,sources should:be of the same 
kind (ie:, the two notes should have the same waveform). 

When there is'a large difference infrequency, or amplitude, beats are 
pir present though they may not be clearly distinguished by the 

B. Beat frequency, The number of beats per second is equal to, the 
difference of the frequencies of sowrces. To prove it in a general way, let 
the two sources have frequencies n and y ‘=n-+m, where m is small 
com pared with n. The corresponding wavelengths are A and }’, both 
having the same velocity c. Ata given moment, let the displacements be 
in phase at a particular point a (fig. I1-6.1). They will also be in phase at 
a distance / at b fig. II-6.1 when the shorter wave has gained one 
wavelength over the longer. Ifv be the pee of igi waves contained 
in the distance /, then we shall have 


T=yX=(r +1) gatas 
(FIX or y= A 
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Since both waves are travelling’ with the same velocity c, it is° also the 
velocity’ of the resultant maximaor minima). Therefore the number of 
maxima(or' minima) received by a stationary observer in’ oné second is 
the number lying within a distance c. Since the distance between two 
successive maxima (or minima) isl, their number within'a distance c is 

So the number of beats per second equals the difference in frequencies 
of the two sounds. 
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Fig. HI-6.1 

{ 4 and B are sound wayes of two notes at a given moment. 0 ip the resultant 
wayes formed, by the superposition of A and B. The broken lines in the figure 
indicate places where the displacements in the two waves are in the same phase or 
in opposite phases, ] 

C. Uses of beats, Since beats are produced by'small. differences in 
frequency of two sources, they provide. a sensitive. means of detecting 
whether two notes are in unison or not. This test is: used) for tuning 
musical instruments, | In almost all acoustic measurements of frequency, 
beats are -used.to find the exact, matching of notes. 

(i) Frequency determination. If the frequency of one of the two 
notes. producing heats, is known, the frequency of the other can be 
determined by! counting the number of beats; Let two tuning forks have 
respective frequencies n: and n’ of which » is known. ` Provided'n and 7’ 
are nearly equal, easily distinguishable beats willocour. Let their number 
per second be m: Then n =ntm. 
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To determine whether m’ is greater or smaller than 7, count the 
annmber of beats after putting a little wax on one of the prongs of the 
unknown fork thereby lowering the frequency of that fork. If the number 
of beats increase, the required frequency is lower than the known one, i.e., 
n’=n—m. If the numberof beats decreases the case is the reverse, t8., 
n =n+m, 

If an increase in mass of a tuning fork A increases the number of beats 
which it forms with another fork B, then the frequency of A is lower than 
that of B. 


The number of beats will also change if the mass is decreased by filing 
the fork. A deorease in mass increases the natural frequency of the fork. 
If decreasing the mass of a fork A deoreases the number of beats it formed 
with another fork B, then the frequency of A is lower than that of B. 

i | 

Ex. I1 6,1. The tuning forks A and B, the frequency of B being 612, produce 5 
‘beats per sec. A is filed and the beats are found to occur at shorter intervals, Find 
the frequency of A. 

Solution; Let the frequency of the fork A bem per sec. Then from the data 
n= 512 +5, Filing the fork A decreases its mass and so increases its frequency. 
Since beats are occuring faster than before, the number of beats has increased and 
hence the frequency of A must be greater than that of B, ie., it is 517. 

Ex. M1-6.2. A set of 24 tuning forks is arranged in a teries of increasing 
frequency. If each fork produces 4 beats with the preceding one and the last fork 
sounds the octave of the first, calculate the frequencies of the first and the last forks. 

[ And. U.] 

‘Solution : Let the frequency of the first fork be n. Then that of the last fork 

will be 2n. Now, the first fork produces 4 beats with the second, 8 with the third, 


12 with the fourth and hence 28 x 4 or 92 beats with the last one. So between 
the first and the last is also double that of the first, the frequency. of the first is 92 


and that of the last is 181. 

I1-6.3. Stationary or Standing waves. Stationary or standing 
waves are formed when two wavetrains of the same kind, having the 
same frequency and ‘velocity, and equal (or nearly equal) amplitudes are 
superposed on each other while moving in opposite directions. They can 
often be seen when the medium is botinded on all sides, If a regular 
wavetrain is generated in such a medium the wavetrain is reflected at 
the boundary and is superposed on the outgoing wavetrain. If the 
reflection at the boundary occurs at normal incidence, andthe amplitude 
is not appreciably reduced, a clear, stationary wave pattern can be seen. 
‘We-thall discuss this kind of wave pattern. 
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A. Characteristics of stationary waves. Look at’ fig. IN-6.3. as 
you go through the following. Check the statements with the figure. 


(i) The amplitude of vibration changes from place to place in medium: 
and has a maximum value at certain points. The points of maximum 
amplitude are called displacement antinodes (or simply, antinodes), 


(ii) At certain points the medium undergoes no displacement at all. 
Such points of no displacement are called displacement nodes (or simply, 
nodes). 


(iii) The distance between successive nodes or successive antinodes 
is equal to half the wavelength (4/2) of the superposed waves. 

(iv) Along the common line of propagation, nodes and antinodes 
alternate with each other at separations of 4/4. 

(v) All’ particles lying between adiacent nodes move in the same: 
direction at the same time. They reach maximum or zero displacement 


all at the same time. They have therefore the same phase. The 
amplitude increases from zero at a node toa maximum at the antinode, 


‘The portion of the medium lying between two nodes is called a loop. 


(vi) Particles in neighbouring loops vibrate in opposite phases, 


(vii), A particle of the medium executes, a complete vibration in the 
same time in which a component wave advances by one wave-length. 
The frequency of a particle is therefore the frequency of a component 
wave. 

The reason why the disturbance in the medium is called a stationary 
wave is that the form of the disturbance, t.e., the wave form, remains 
confined in space and does not advance through the medium as it does 
in a progressive wave. The pattern looks as ifa wave-train has been 
suddenly arrested in the course of its motion. ` 


B. Demonstration of stationary waves. Stationary waves can be 
demonstrated as follows : 


(i) Water waves. Take some liquid in a conical bowl and give 
it a sharp tap. The water surface will show a circular wave pattern, 
which will xemain steady if the diameter of the liquid surface is 
appropriate, This may be adjusted by pouring in more liquid. The 
pattern looks just as if a wavye-train has been suddenly arrested in the- 


course of its motion. 
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Gi) Melde’s experiment. , Stationary o waves formed’ by the 
transverse Vibration of a string under tension can be very elegantly shown 
by the following experiment due to Melde (Fig. I0-6.2). An electrically 
maintained tunning fork of relatively low frequency (say 64 Hz) is 
clamped to'a table as shown. One end of a string is attached to one of 
the prongs while the other end is attached to a pan after passing over a 


Fig. IL-6.2. 


-smooth pulley. The fork is so placed that it vibrates perpendicular. to the 
“length of the string, which is the so-called transverse arrangement. The 
“an is then loaded and the fork excited, Byyadiusting the. load on the 
yan or the length of the string the whole string may be made to vibrate 
“transversely in, one segment, If the Joad is reduced to one-fourth the 
string will vibrate in two segments ; if the load is reduced to 1/9th the 
string will vibrate in three segments. 


“Phe vibtating fork sends transverse waves along the string. These are 
reflected at the other end and are superposed on the incident waves. The 
pattern becomes steady when the length of the string is an integral 
multiple of half the wavelength of the waves produced. 


“tt an electrically maintained fork is not available, an electric bell 
may be used in its place. The string is tied to sthe hammer of the 
bell. 


C. Formation of stationary waves, We have stated. earlier that 
stationary waves are formed by the superposition of two identical wave 
trains moving in opposite directions\in theisame region ofya:medium. So 
the individual displacements produced at a given point in the medium at 
a given instant are given by 


Y= 4 sin.(2x/A) (ct 2), and ye =a sin (2n/A) (ct-+a) (1I-6.3-1.) 

The line of propagation is along thé @-axis. The two equations 
‘represent.the waves travelling along the +ve and — vel directions of t 
respectively. In the equations, a is the amplitude, A the wavelength, 
c the velocity and æ the distance of the point from an arbitrary origin, 
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which ‘generally sis) a point: onrithelinetof propagation where the waves 
meet in phase. The resultant displacement of the particle due to 
Superposition of the two waves is, therefore, 
YSYr t Ya =a sin (27/4) (ct—x)-+a-sin (2x/A) (ct +x) 
= 2a sin (27/4) ct. cos (2x/)) a. 
Putting A=2a cos (27/4) x, (U1-6.3,2) 
we have y=A sin (Qm/A) ct (II1-6.3.8) 
This represents’, simple harmonie\motion of the same frequency 
“as the waves*\but‘ofoan amplitude sA= 2a cos Q7ra/A4, The. amplitude 
‘depends only on the ‘position œ ofthe particle. It is mot a progressive 
Wave as the final expression ‘forthe phase angle does not; contain any term 
of the nature (ot a), © 
The amplitude A=2a cos 2ræ/À changes as @* changes. When 
cos 2n%/4=0, then A=0. For this we must have 


Timla where n=0, 1, 2, 3, etic, 


j or, @=(Gn-+1) 4 ie (I1-6.8.4) 
“. When n=0, wi =A/4 
n=1, @s=3N4 
n=, @3 =5X/4, ete. 


gs 


h Such points, where the amplitude of displacement is zero, are called 
displacement nodes (points marked N in fig. Ill-3.8), Obviously, the 
distance between two successive nodes is equal to, /2. 

When cos 272/A=+1, the amplitude is a maximum and has the 
Value 2a. For this. we must have 
9 Za=n wherém=1, 2,3 ete. or, @= 9nd. (TII-6.8:5) 


Putting value ‚for n we have %,=À/2, £a=21/2, &=3A/2 ete, These 
“points of maximum amplitude are called displacement antinodes 
7 (marked A in Fig. II1-6.3). As in the case of nodes, the distance between 
_ two successiye antinodes is also 
 À/2. The distance between a 
node and the next antinode is 
4/4. The amplitude of vibration 
us varies from 0 to'2a overa 
distance N/A, 


From the trigonOmetrical relation sin (A+B) +8in (A-B) =2 sin A cos D: 


Fig. 1116.3 


sr 
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11.6.4. Comparison of progressive and stationary waves. 


Progressive wave 

(1) Progressive waves are due to 
the continuous periodic vibration 
of a portion of the medium. So 
long as the waves do not meet 
any boundary, they are progressive: 
(2) The phase of one particle is 
transmitted to the next along the 
line of propagation. In this way 
the waveform- progresses forward. 
Tho velocity of wave-motion is 
determined by the elastic properties 
of the medium. 

(3) Each particle of the medium 
executes the same vibration about 
its equilibrium position with the 
same frequency: 


(4) Along the line of propagation 
there iş difference of phase bet- 
ween the vibrations of particles. 
This phase difference is propor- 
tional to the distance between the 
particles. 

(5) With the progression of the 
wave every point of the medium 
undergoes the same change of 
pressure or density- 


Tll.6.5. Interference. 


Stationary wave 

(1) Stationary waves are due to 
the superposition of two identical 
progressive wave-trains moving 
alonga line in opposite directions 
through a medium. 

(2) The - wave-form does 
advance through the medium. It 
is confined to the portion, of, the 
medium: where |, the oppositely 
moving progressive waves overlap. 


not 


(3) The amplitude of the particles 
js not the same everywhere At 
the nodes the amplitude is zero, 
at the antinodes it is maximum. 
They are all executed with the same 
frequency. 

(4). All the particles between two 
nodes vibrate in the same phase. 
Particles on two sides of a node 
vibrate in opposite phases. 


(5) Change of pressure or density 
is not the same at every point of 
the medium. It is a maximum 
at the (pressure) nodes and ® 
minimum at the (pressure) anti- 
nodes, 

[Pressure nodes correspond 
displacement antinodes and pressure 
antinodes to displacement nodes! 


to 


If two waves of the same frequency and 


amplitude are superposed, the resultant displacement will be double that 


due to a single source if the vibrations are in phase. 


Tf they are iD 
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opposite phases the resultant displacement is zero. Since intensity varies 
as the square of the amplitude, the effect produced in the first case will 
be four times that due to either of the waves, but zero in the second case. 
Thus the combined action of two sound waves may produce a greatly 
increased effect at places and silence at others. This phenomenon is 
known as interference of sound, There is no annihilation of energy in this 
case, only a redistribution. Energy removed from places of silence is 
concentrated at regions of increased sound. 

k Conditions of interference. To obtain continuous silence at a point in a 
medium under the action of two sound waves the following conditions 
must be fulfilled : 


(1) The waves must have the same frequency and amplitude, 


(2) The angle between the displacements due to the two waves at 
the given point must be zero or small. s 

(3) The waves must continue to arrive ab the given point in opposite 
_ phases, że, the sources must be coherent. a 


If these conditions are fulfilled at a point there will be no displace- 
ment and hence no response in a detector placed there. The first two 
conditions can be satisfied by sound waves from two seperate sources. 
To fulfil the third condition is more difficult. Ordinarily, no constant 
phase relation exists between two waves arriving at a point from two 
independent sources. Such sources are said to be non-coherent. They 
will be’ called coherent when there is a’constant phase relation between 
them. The sources may vibrate in the same phase or have a constant 
phase difference. Waves from coherent sources continue to reach a place 
with a definite phase difference. So to fulfil the last of the above 
conditions sound waves from the same source may be made to arrive at ` 
the point by different routes, thereby acquiring the, required. phase 
difference. 

Experimental investigation of interference of sound. 


(1) To demonstrate interference of sound, a Quincke’s tube 
(Fig. IT-6.4.) is taken. It consists of a U-tube BAH with two side tubes 
at Band Æ, Another U-tube CD of smaller diameter oan slide in and 
out of the larger one as indicated. The communication between the two 
limbs of BAFE can be cuf off by pushing in a, shutter at 4. The source of 
sound (T) is placed in front of the side tube at Band the detector (R) in 
front of the side tube at Æ. 

e 


+ 
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The sound dividesat B; the two parts follow the paths BAE and 
BODE and reunite at Æ. The phase difference between these two 
stiperposing sound waves 
depends on the difference 
of path lengths BAH and 
BODE, since any phase 
difference = (27I )X path 
difference. A path difference 
between the two routes 
OR can be introduced by 
‘sliding the portion OD. 
P If this path difference 
‘equals an odd multiple of half wavelengths [ie., (Q2n+1) /2 where i 
 n=0, 1,2,3,- eta] the waves will meet at Æ in opposite phases so long 

as sound is produced. ‘The detector R will give no response. But if the 
-path difference is zero or an integral multiple of À, the waves reach Æ in 
phage and produce a strong response in the detector. 


Tet both paths be initially equal. Then the path difference is zero 
and the sound at Æ is a maximum. If now the sliding tube is slowly drawn 
t “out the response slowly diminishes and reaches a minimum when the path 
a. difference equals \/2. Beyond that the response gradually grows to è 
Hye maximum when the path difference measures 2/2, falls off again till the 
difference is 3.2/2, grows again till the difference becomes 4.A/2, and 

£0 On. 


fre 


Fig. 1-64 


The conditions of interference are completely satisfied ‘here. Since the | 
wave train from a given source is divided, the two interfering systems 
have the ‘same frequency and practically the same amplitude, They start 
obviously with the same phase but develop a phase difference by following 
paths of different lengths. So when they meet at H they do so with a 
constant phase difference, which may be mede into x or any odd multiple 
thereof by adjusting the path difference. In this way, a compression due 

to one wave may be made to meet a rarefaction due to the other. 


IIL-6.6. Relation between Path difference and Phase difference : 


Let A and B (Fig. II-6.5) represent a pair of coherent point sources 
of waves ahd -RQ a straight line at some distance from them. Let P bea 
point on it such that the path difference in reaching it from two sources is 
AP and BP which we put as 71 and re. 4 


" y 
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: The displacement of the particle at P due to disturbance from A at an 
i Instant is r 
EX} 


Yı=a sin = (ct-7,) and ys=asin = (ct —1r9) 


"is the displacement at P at the same instant due to the disturbance from 


Ww 


Fig. 01-6.5, 


| B. Then-the phase difference of vibrations at P due to superposition 


of waves is 
3 (=r) —% limra) =F (amra) i 
Then Phase difference =" Path difference (111-6.6.1) r 
: It now (ra™ rı) =À/2, 81/2, 5/2... we have phase differences 


m, 3r, 5r ... ete, so that the vibrations cancel out producing no displace- 
ment. If again the path difference is any integral multiple of À, phase 

difference becomes that of 2m-so that vibrations re-inforce each other 
doubling the amplitude. 

„P will not at all be disturbed if (BP— AP) happenes to be any odd 
multiple of half wavelengths and suffer double the individual displacement 
if (BP— AP) is any even multiple of 1/2. 

i Interference due to reflection at oblique incidence. A number of 
o “eases of interference of sound occurs when direct waves and waves reflected 
“ab oblique incidence are superposed. For example, it has been noticed 
that as a boat approaches a high cliff on which a fog siren is sounding, it 
"passes through alternate regions of maximum and minimum sounds. 

L [Fogsirens warn ships off the cliffs obsouted in a fog.] Let FF bo the siren 
placed on a cliff and B be the boat approaching it (Gg. IML-6.6). The boat- 


S 


4 


between a and b, and also between b and ¢ the’ path-diyence will be an 
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man reosives the sound via’ two paths Fa and F'Pa. Suppose the, diffe- : 


ronco between these two paths is equal to an odd multiple of 4/2, Then 
there will be silence at a. Again, if at b the path diflerence (FQb—F) ia 


(On 


Fig, IL-6.6. 
an odd multiple of \/2,there will be silence at b; similarly atc, Midway 
oven multiple of 4/2 There will be reinforcement of and hence loud sounds — 


at such places. 


I1-6.7. A. Interference of light. The phenomenon of interference, a 3 
wo shall illustrate here, is a case of diffraction and superposition. Briefly, 
A A 


we can say that when two identical wave trains, proceeding in about the 
same direction, continue to be so superposed that at some places they ave 
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always inphase and at some other places they are always ‘out of phase, 
there will be no vibration where the waves are out of phase and maximum 
vibration where they arein phase. This is interference. It is a property 
of all waves. We have discussed it above for sound waves. 


Fig. III-6.7 shows an arrangement to produce interference of light. A 
strong beam of monochromatic light (say, sunlight filtered through red 
glass) falls on a narrow aperture S. Due to diffraction the beam passing 
through S spreads out and falls on two other small apertures S3, Ss. The 
latter are so small.that the waves passing through them spredd out almost 
in the form of hemispherical waves and are superposed on each other 
over a region. 


In the figure, the continuous lines represent surfaces (or wavefronts) 
on which the displacements are maximum. The broken lines represent 
surfaces (or wave-fronts) of minimum displacement—both at a given 
instant, ‘The intersections of ‘the continuous lines as also of the disconti- 
nuous lines centred on S, and Sa represent superposition of vibrations in 
the same phase. These points of intersection mark paths along which | 
vibrations are strongest. ° 


The intersections of a continuous line centred on one of the Sources 
8, or Sa with a discontinuous line centred on the other source mark the 
places of superposition ef two identical waves in opposite phases, ‘There ~ 
will be no vibration at these places. 


Tt a screen KL is placed to receive the light coming from 8, and Sg, 
the illumination on it will not be uniform. Instead, we shall find. 
alternate bright and dark bands on the screen. These are called 
interference fringes. It corresponds to alternate loud sounds and no 
sound in the interference of sound waves. 


“Yaentical waves mean waves of the same frequency and amplitude. 
As S; and Sa are always illuminated by the same wave from §, 8, and - 
Sa always vibrate in phase. Hence in the superposed region the two 
superposed waves have & constant phase difference, that is they are 
coherent, ‘This is the essential for producing interference effects. 


Two sources of light are said to be coherent if the waves emitted by 
them are always in the same phase or always have a constant phase 
difference. ‘Coherence is the most fundamental of conditions of inter- 
ference and hence the repeatitions when discussing waves. 


> 
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B. Fringe width. The distance W between two successive bright or 
dark frings on the receiving screen (KL; fig. ILL-6,7) is called the fringe 
width, Its value is givem by 3 a 

$ } D “a 

i „e TT-6.8. 

| F À ¢ 1) { f 
where D= the distance between the receiving. screen (KL) and the 
plane of the sources (S4 and Se), 
> d=the distance between the sources S1 and Se, 

if AE the wavelength of the-incident light wave. 

By measuring W, D and d, \ can be determined. 

©. Intensity.’ Maxima and Minima. Let Z, and Zs denote respec- ; 
tively the intensities due to the two sources at the centre of a bright fringe ; 

_ ‘the'resultant intensity is Z= I; + Ia. 

j Tt isa. maximum. As.we move from here towards the nearest dark 
fringe: the intensity gradually diminishes. At the centre of the dark É 

fringe, the resultant intensity is a minimum and is given by t 


i 1=1, ~I, (i.e. the difference of I, and Ze). 
hd I, and I, are proportional respectively to the breadth of the corres: _ 
“i an 7 
Bi: hy ‘ 
as) aa 
FM be 
y My 4 
@ 3% x 
vay TAn s 
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i 
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LIGHT WAVES 


I-7.1.. Light as a wave phenomenon. The reasons why light is 
considered as a wave phenomenon are that it shows all the properties 
of waves. These are (i) reflection, (ii) refraction, (iii). interference, 
(iv) diffraction, (v) scattering and (vi) polarization. It‘also ghows Doppler 
effect, though it requires delicate apparatus to detect that. Moreover, light 
moves with a definite speed iin a given medium. Light also shows the 
effects of superposition, and stationary waves can be formed with it. 


You are already familiar with. reflection and refraction of light. 
Interference has been discussed, in Sec DI-6.6, and., diffraction, in 
Seo, III-5.4, n 

Polarization (Sec. TI-7.5) of light shows that light waves ate transverse: 


me 


in nature. ' A 
Between the 17th and 19th centuries there was no agreement anong scientists + 
asto the nature of light. Newton considered light as particles, while Huyghens - 
suggested that they were waves. The question was! settled by Maxwell (1831- 
1879), From theoretical considerations he came to the conclusion that light was 


a wave phenomenon. His conclusion. was confirmed experimentally by: Hertz 
4a) 


(1857-1894). Adah 
Medium for light waves, Light reaches us from the sun and stars, 


: k; Fig. 1-7.1 


‘pf Kilometres away from us, Between them and the 


which are millions 
medium. The region is a void (vacuum). So 


earth there is no material 
í 


88 


light waves do not require any material medium for transmission. They 


are non-material waves. 


‘10.7.2. What is it that vibrates in light ? This was answered by - 
Maxwell; The; vibrations are those of an electric vector E and 
ratty Tee They are respectively the electric intensity and 
the magnetic intensity. E and Hare at right angles to each other. Both — 
lie ina plane perpendicular to the direction of propagation of light waves s 
(fig. 7.1), i Hence the transverse character of light. Light’ waves are) 


electromagnetio, waves. 


U Eirly"in the history of light an imaginary medium, called the Aether (Ether), 
was postulated to provide a medium for light waves. Einstein (1879-1955) has 
proved it tobe unnecessary. The existence of aethercan neither be proved nor) | 


iditproved. Jt is better not to think of it. 


ý j iii; (or frequency) of the waves. 


-i The wavelength range extends from about 10°m to 1072*m. The, 
frequency range extends from about 10" to'10°? Hy. ` 


-Waves in the different ranges have different names, though waves with 
different names have no sharp dividing lines with respect to wavelength 
or frequency. Some names and approximate ranges are given below. vih 


Name Range lin m) 
Power 107—10" 

Radio 10*-107° 
Microwaves 10*— 107° 
Infrared 107°—7x107" 
Visible 4X 10-*=7X10-7 
Ultraviolet 4x10-7—2x107* 
X-rays 10-*—107-** 
y-Tays 10-*° —10-%% 


Standard broadcasting frequency is around 10° Hz TY broadcasting, 


is around 10° Hz and radar, 10*° Ha. 
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p When we speak of light vibrations, we are really speaking of the | 
vibration of the electric intensity vector E, for it affects our retina. 


T1-7.8. Electromagnetic spectrum. An electromagnetic wave is an 
- oncillat ng electric force travelling through spacer accompanied by a 
periels oscillating magnetic force in a plane at right angles to it. Such 
--Wwaves:tra’ eli in vacuum with the same velocity as light, irrespective of the 


1075 —10*" <) 


(ti 


# 


i A 


y 


Range (tn Ha) 
10*—10° 

10°—10*° a 
10°—1077 
1o**—107* 

43 10**~7'5 x 10"* 


10*°—10%° 
10*®— 107? 


i 
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Essential similarities and dissimilarities in the properties of 
light and sound waves. 

Similarities. Both show such wave properties as (a) reflection, 
(b) refraction, (c) interference, (d) diffraction and (e) scattering. Both 
move with different speeds in different media, though their speeds are 
widely different. 

Dissimilarities.—Light waves can be polarized, but not to the sound 
waves, This shows that light waves are transverse in nature. Sound 
waves are longitudinal. Light travels far faster and its waves are far 
shorter than sound waves. ' 


Light waves can pass; through vacuum, but not so the sound waves. 
Sound waves are longitudinal, elastic waves in a material medium. Light 
waves are non-material electromagnetic waves. They consist of vibra~ 
tions of an electric intensity vector E and a magnetic intensity vector H. 
E and H are perpendicular to each other. Both are perpendicular to the 
direction of propagation of light. 

Frequency of audible sound lies in the approximate range of 20 to 90,000. 
Hz, Frequonoy of visible light lies in the approximate range 4,8 x 1"* 
to 7.5 X10"* Ha Ms Nas Je 

Basic similarity and dissimilarity between Light waves and Radio 
waves. Both are electromagnetic waves and therefore have all the wave 
properties in common. ‘The most prominent difference is thot in wave- 
length. While the average wavelength of light is about 5% 1077m, the 
range of wavelength of radio waves is about 10° to 10-*m. 


Another point of difference is in the mode of generation. Light waves 
are generated by transition of electrons from one energy level to another. 
The process occurs inside atoms and molecules, Radio waves nre 
generated by oscillating electrons in the radio antenna. 

An accelerated charged particle can produce either radio waves or light, 
each under appropriate conditions. 

Since energy in electromagnetic waves is proportional to frequency, 
light waves have much more energy than radio waves. 

No electromagnetic radiation other then light can create the sensation 
of sight. 3 t 

1-7.4. Velocity of light. Light has been found to have the 
tremendous velocity of about 3X 10*° cm/s (=8X 10° m/s=8x 10° km/s) 
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in vacuum. In a material medium such as glass, water, air, ete: it travels 
with a lower speed. This speed depends on the colour of light. If the 
material medium has a refractive index u for light of a particular colour,. 
the speed c of light of that colour is c/a. 


“A Danish astronomer Romer was the first to determine (1675) the 
velocity of light. He did so by making observations on the eclipses of one 
of Jupiter's satellites during two halves of a year. The first successful 
experiment from observations on the earth wasedone by Fizeau (1849), 
Later Foucault (pronounced Foo-ko), Michelson and others devised 

different methods for measuring the velocity of light (in vacuum) more, 
“and more accurately. Michelson (1852-1931), an American physicist, «a 
spent about fifty years of his life on such experiments. He was awarded 
y the Nobel prize for his work. The best value he got for the velocity of 
fight in vacuum was 
c=299, 79644 km/s. + 
The error is a little over one part in a hundred thousand. 
<. After the Second World War, great improvements were: made in the 
methods of ‘measuring length and short time intervals very accurately.” 

_ Also very strong beams of light, visible and invisible, could be produced, 
(he former is known as ‘laser’ and the latter as ‘microwaves’) With 
their help many scientists determined ¢ more and more accurately. 
Considering all accurate measurements upto 1964, scientists decided that wi 
the best value is 

c=299 792°5+-0'3 km/s 


The error here is one part in a million (a value 10 times better than 
Michelson’s). 


The advanced nations did not stop there. Their national laboratories 
are still carrying on the work. In 1972) the scientists of the National 
Bureau of Standards (U.S.A.) found : 

c=299, 7924562 km/s. * 


They claim that the error in the value is about one hundredth of the 
previous lowest error. 


Importance of determination of velocity of light. The velocity of light 

_ în vacuum is Nature's speed limit. No material particle can exceed, or 

even reach, this limit. This isa law of Nature, and is not due to any 
inability on our part to apply a large enough force. 
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The velocity of light in vacuum is the same under all circumstances. 
It is not affected by the motion of the sources or of the observer. This 
fact is the foundation stone of Hinstein’s theory of Special Relativity. 


‘An accurate determination is also of importance in measuring distances. 

We can get a beam of light (in fact, microwaves) reflected from the object 

whose distance we want to find. When the velocity of light is known, a 

knowledge of the time interval between emission and reception back (of 

the microwaves) will give us the distance. It should be noted that the 

velocity of light in. vacuum does not depend on wavelength. So, long: 

radio waves, shorter microwaves or even shorter visible light travels with’ 

the same speed in vacuum. Light beams are used for measuring distances 

) of artificial satellites and of the moon. Time intervals of the order of 
1078 s are no longer difficult to measure. ge 

Ill-7.5. Polarization of light. Let us first see what’ polarization 

means and how it distinguishes transverse waves from longitudinal 


waves, 


“Refer to fig, ILL-7.2 AD is a stout string, or better, a fine spiral spring. 
' Whichever we use, we shall call it string, Its Dend is. fixed. The A 
end can be vibrated in any direction ina plane perpendicular to AD? 


W 


Fig. 1-72, 


% tÀ 


The string passes through: two/natrow slits B and Cin two parallel metal’ 
sheets, Hither slit. can be rotated in the plane of the slit in which it 
| lies, Note that these planes and slits are perpendicular to the string AD. 


« , 
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First, let us have the slits parallel to each other. Vibrate the end A ' 
parallel fo the slit B. ‘These vibrations will pass through both B and 0 l 
and reach D (fig. IIT-7.9, a). But if you now turn slit © in its own plane — 
‘till it is perpendicular to B, no vibrations will pass through C. D will — 
not feel any offect due to vibration of A. There will be vibrations 
between B and O, but none beyond C. 


Now, periodically pull the end A longitudinally (parallel to AD), A 
Longitudinal vibrations will pass along AD and reach D. Turning 
of the slits B and O will nob stop the longitudinal vibrations from 

| reaching D. 


We thus find that propagation of transverse vibrations can be stopped 
_a by two slits at right angels. But such an arrangement. will not stop the 
propagation of longitudinal vibrations. 


Tf the end A were vibrated at an angle to the length of the slit B, the’ — 
component of the vibrations in the direction of the slit will pass through’ 
B. If the direction of vibration of A is rapidly changed, B will allow + 
only the component parallel to it to pass through. On passing B, trans- 

„versa: vibrations are all confined to one plane. This effect is called plane Å 

Polarization of transverse vibrations. The slit O allows the component 

of such vibrations in its own direction to pass through, By turning 0 

gradually this component is reduced in strength, When C is perpendicular 

_ to B, no vibration passes ©. Thus B produces plane polarization while Č 
| detects it, We may call B the polarizer and C the analyser, 


In the caso of light waves, certain crystals play the same part as the — 
slits in the above case of mechanical waves. Tourmaline is such a crystal. 
Take a thin plate of tourmaline and allow alight beam to pass through. 
Light is slightly reduced in intensity in passing through the crystal. But 
this may go unnoticed. The light beyond the tourmaline Plate is plane 
Polarized. This can be detected by another similar tourmaline plate. A 

Baturally ocouring tourmaline crystal has a certain clearly defined 
direction which we call its avis. When we place a second tourmaline 
crystal beyond the first, the first one acts as polarizer and the second as 
analyser of light, With the axes of both parallel, light passes through. 
As you rotate the second in its own plane, the light that passes falls in 


intensity. When the axes of the two are perpendicular to each other, no 
light passes the second. 
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This phenomenon which occurs in the case of light is “known ‘as’ 
polarization of light. It establishes tho fact that light waves are 
transverse in nature. 


There are many other ways in which polarization of light can be 
demonstrated. In the case of sound waves we cannot produce polarization. 
Sound waves are longitudinal, 

I-7.6. Light rays and diffraction.. We imagine a light ray as a 
line (without breadth) which marks the path of travel of a wave from 
one point toanother. In a homogeneous medium rays are straight’ 
lines. Light waves are said to trayel in straight lines in such media t 
(rectilinear propagation of light), : 

Let us see what we find when we try to realize a ray of light in 
practice, Refer to Fig. IlI-7.8, Sisasmall source of light A is a 
diaphragm whose aperture can be gradually reduced and B is a receiving 
screen. et the aperture in A be large. Join S tothe points marking 
the boundary of the aperture in A and produce the lines to meet B. The 
illuminated region on B will, for all practical purposes, be confined to the 


(4) 
Fig. 11-73. 


region so marked (fig. III-7.3b), But as the aperture is gradually reduced 
in size, the light on B will gradually spread beyond the geometrical limit 
marked in the same way as before (fig. II-7.8b). When the aperture 
is vary much reduced the spreading of light on B becomes much greater 
(fig. TIL-7.8c), ‘The narrower we make a beam, the more it spreads beyond 
the aperture. This phenomenon is diffraction, a property of waves of all 
kinds. 

When the width of the beam equals the wavelength of light the spread- 
ing beyond the aperture covers a hemisphere, 

UL-7.7. Validity of geometrical optics. If a ray of light cannot be 
realized in practice, how can we` then accept the results of geometrical 
optics which is based on the ray concept ? We have seen in the last 
section that when the light beam has a width large enough compared with 


' k à 
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the wavelength of light, the ray concept is good enough as an appromi' 
(soo fig. III-7.8a), The mean wavelength of visible light may be ete. 
6X107* om. Soalens or mirror 1 em wide is large ‘enough to apply the | 
ray concept, ‘Hyen then, if you examine small regions close tothe 
_ metrical boundary of a Shadow, ora focus, you will find small departures ( 
from simple geometrical laws. (‘These are due to diffraction. ) 

In optical instruments the mirrors, prisms and lenses used are ve 
large comared with the wavelength of light. Hence their action ay ` 
 desoribed in terms of rays to a good approximation. 

_. Q. Explain why rectilinear ‘propagation of light as assured in geometri j 
-cal optics is only appronimately true. (S. 8. Q.)* U 
ni -Ans ; Dight waves (like all waves) have the property of bending round 
corners. This phenomenon is known as diffraction, In passing through 
an apertures Í breath a, the extent of bending is given by 0 where sin 
=)/a, Ais the wavelength of light, the mean value of which mia; i 
taken as about 6X 107% cm. So an aperture of only 1 cm diameter 
cose an angular spreading of 6X 107% radian=about $ of arc, Such sn 
spreading cannot be detected with our eyes. The beam appears, for all 
practical purposes, to Rove in a straight line. 

Ih geometrical opioa, apertures of beams that we use, are of this order 

of ‘magnitude, Hence light beams appear to travel in straight lines, 

«S.S.Q. indicates it questions supplied by the Samsad as specimans, the 
like of which a student should know. 

x 
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11-8 
PHYSIOLOGICAL 
“SOUND 


1-8.1. Musical sound and noise. Helmholtz, the nineteenth 
century seientist (1821-1894), was a physicist and physiologist at the same 


time. He carried out a vast amount of research on the sensations of — 


light andłsound. On the basis of sensations sound was divided into two 
classes, namely, (i) musical sound and (ii) noise. A sensation is not a 
physical quantity and cannot be measured. Its study therefore does not 
properly belong to the realm of physics. Helmholtz sought to associate the 


various characteristics of different sensations of sound with different 


physical quantities. ‘The above classification was therefore based on the 
following definitions : ; 

(i) A sound that is continuous and., periodie in nature is called — 
musical sound (or note). ‘ 

(ii) A noise is a sound of short duration, sharp and abrupt in nature, 
or one which changes character continuously if it perslats. 

The basis for the classification was not the pleasanttiess of hearing in 
the first case or unpleasantness in the second. A musical sound may he 
unpleasant to hear ; a noise may in some cases produce a pleasant sensation 
in the ear, The definition of noise has since been changed. Anaise now 
means an unwanted sound. Ifa good piece of musio ‘is diverting your 
attention from the work you are earnestly engaged in, it will be noise 
to you, 

1-8.2. Characteristics of musical sound. On the basis of sensa- 
tion, three characteristios are ascribed to musical sound, They are 
(i) loudness, (ii) pitch and (iii) quality. All the three are judgements 
of the brain and none is a physical quantity. 

G) Loudness is the intensive attribute of an auditory sensation in 
terms of which sounds may be ordered ọn a scale extending from soft to 
loud. It corresponds to ‘brightness’ in light. ~ 

(iii) Piteh is that attribute of auditory sensation in terms of which 
sounds may be ordered on a scale extending from low to high, such as a 
musical scale. It corresponds to colour in optics and may be called 


_ by the lack of a definite pitch. 


recouize the voice of a friend or any person we know- 
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‘musical colour’. A noise, according to the old definition, is characterized 


(iii) Quality (or timbre) ofa musical sound is that attribute of 
auditory sensation in terms of which a listener can judge that two sounds 
similarly presented and having the same loudness and pitch are dissimilar. 
Wercam easily distinguish a note sounded on a flute from the same note 
played on a harmonium or sitar. The characteristic of the sound sensation 
by which we differentiate them is quality. It is by quality that we 


 TIL8.3. Physical factors on which loudness, pitch and quality 
depend. 


(i) Loudness and intensity. Loudness depends primarily upon 
intensity ; but the two are not the same, Intensity is the rate of flow of 
sound energy per unit area. Intensity is a physical quantity and can be 
measured. But loudness is a physical sensation and cannot be measured. 
But loudness is a physical sensation and cannot be measured like a 
physical quantity. Intensity is proportional to the square of the ampli- 
inde and frequency, and is directly proportional to the density of 
the medium. 


Loudness appears to be approximately proportional to the logarithm 
of the intensity, | 


[At low intensities, loudness depends much on frequency, At low brightness, 
the eyeis most sensitive to yellow-green light (A=5°5x10-% cm). Similarly, at 
low loudness, the ear is most sensitive to frequencies of about 8000 - 3500 Hz. 

Intensity is a physical quantity measured in ergsiper sq. cm per second in the 
cga system, Loudness “sa physical sensation, not measurable like a physical 
quantity, Still, in view of its importance in connection with measurement of 
noise level, a unit, called the ‘phon’, has been used to express loudness level. 
Loudness level is measured in phons by the average sensation a sound produces 
in many men, 

(ii) Pitch and frequeney. Pitch depends primarily on the frequency 
of the sound. But it is also dependent to some extent on the intensity 
and the wave-form. If the intensity of a pure sound (sound of one 
frequency, only ; wave form is a sine curve) of fixed frequency is increased, 
its pitch changes, But if the frequency is greater than 1000 Hz, there is 
is not much change of pitch with intensity. 


Pitch and frequency are not the same, Pitch is a sensation while 
frequency is a measurable physical quantity. It is unfortunate that the 
word ‘pitch’ he used in the same sense as ‘frequency’, In some elementary 
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books or in some question papers you may find the expression ‘determina- 
tion of pitch’ where determination’ of frequency’ of a sound is meant. 
_ Determination of real: ‘pitch’ is a very complicated affair,and is never 
_ undertaken in an ordinary sound laboratory. (Piteh’is expressed in a unit 
called the ‘mel’. | Tt) has; no connection with ‘the hertz = but we cannot 
"go into all these here.) í B 


(ii) Quality and wave-form. Quality depends on the nature of 
vibration of the source, which may be’ simple or complex. A source 
_ executing 8.H.M. produces a note of a single frequency, which is called’a 
tone. Ordinarily, the vibration of a source ig much more complex and 
v has several frequencies at the same time. A musical sound, which we 
shall call a note, generally consists of several tones. The tone of the 
lowest frequency in a note is called its fundamental ; those of higher 
frequencies are called Overtones or upper partials, Overtones having 
frequencies that are integral multiples of the fundamental frequency are 
‘called harmonics, The fundamental and overtones originating from the 
Same source blend together intoa single musical note. The quality of a 
musical sound is due to the presence of overtones in addition to the 
_ fundamental (Helmholtz). The number, nature and relative intensitie 
of the overtones deterniine.the quality of the musical sound. ‘The wave- 
form of a sound wave is also determined by exactly these quantities. So, 
we may say that quality is determined by the wave: Jorm. The wave-forms 
of a note of the samé fundamental fréquency, but from different instru. 
ments, are shown in fig III-8,1. 


D 


A pure tone corresponds to a single colour in light ; a complex musical 
= note corresponds to a mixture of colours. Since, in light, a mixture ot 7 
N colours i is called a ‘hue’ we may, j 2 

fay that ‘quality’ in sound pare 
corresponds to ‘hue’ in light. By a 
analogy with light, we may'say : J 

_ Loudness in sound corresponds i al 

to brightness in- light; pitch to Sa 
colour and quality to hue. i J } 
q Il-8.4. Graphical re- 
“Presentation of the charac- 
-teristics of/ a musical note. 


Since sound is’ wave-like in s Fig. 1-81 
nature, all- thé’ characteristics it produces must have their physical 
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counterparts in the characteristics of waves: Now, 2 regular wave is 
characterised. by (i). an amplitude; (ii) a frequency or wave-length, 
and (iii); a wave-form o¥ time-displacement curve. Broadly’ speaking, 
the amplitude, frequency and wave-form of a sound wave are 
associated respectively with the sensations of loudness, pitch 
“and quality. Simple harmonic wave-forms correspond: to pure tones, 
while mixed tones, é.¢., notes, have more complex wave-forms. 


Ae ‘Difference in loudness. ~ In fig. I11-8.2(a), both curves are sine 
curves of the same, frequency. They have the same pitch and quality, 
‘but their amplitudes. differ... They» will be found to differ in loudness. 


Fig, 01-82 


Other things remaining the same, the larger amplitude will produce the 
louder sound. 


B. Difference in pitch. In fig. IM-8:2b; we have two sine curves 
which differ only in frequency but notin amplitude, The tones they 
represent differ in pitch. The curve with the higher frequency has the 
the higher pitch. 


C. Difference in quality. In fig. TI1-8.2¢, the amplitude and 
frequency of the curves A and B are the same ; but their. wave-forms are 
different. The sounds they represent will have about the same : loudness 
and pitch but their qualities will be different, The sine curve A 
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represents °a pure tone; it has a single frequency. The curve B has a 
fundamental frequency equal to the frequency of A ; but it also contains 
overtones. The wave form depends upon the frequencies and relative 
amplitudes of the fundamental and the overtones present. 


TH-7.5. Noise. Noise has been defined as ‘sounds not desired by the 
person receiving it’, ‘The definition is clearly subjective. What is music 
to one man may be noise to another. A musical sound is periodic in 
nature, buta noise isnot. Some noises seem to have a periodicity ; but 
this is often due to some secondary effect connected with the noise. 


The most disturbing fact about noise is’ its loudness: Noise. diverts 
attention and causes annoyance. In a factory, noise-reduces the efficiency 
of a worker. Noise also affects adversely the human nervous system. 
Reduction of noise is. becoming. a more and more important, problem of 
modern. civilization. 


TL. Fi “Introduction, 

i h Ta Fold of music, stringed instruments: play a dominant ro 
Musical sound is produced in them by transyerse vibration of strings kept 
under tension, A point ofa string is displaced from its position of rest 
by plucking, bowing or striking. ‘The string then vibrates either as a 
whole or in segments emitting a musical note of definite pitch and quality. 
Theoretically a string is defined as “a` perfectly uniform and perfectly 
_ flexible filament of solid matter stretched between two fixed points in 
fact an ideal body, never actually realised in Preatios but closely approxi- 
mated to by most of the strings employed in music” (Lord Rayleigh). The 
. actual string always possesses some amount of rigidity, the effect of which 
diminishes as its length-to-diameter ratio increases, The transverse 
vibration of an ideal string is affected by tension only and not by rigidity: 
{11-9.2, Transverse displacement waves ona string: A. string 

under tension resists any tendency to displace any point on it from th ; 
position of rest. ‘This resistance supplies the restoring force when the 


a i 


Se eed wt eeenef-----8) 


pro sent ot sz) | yaa sin F (ct-x) 
Eig. III-9.1. 


- 


which travel along the string. These waves are reflected from the fixe 
ends and interfere with the incident waves forming a stationary Wav? 
pattern. The string then vibrates either as a whole or in a number of 


the velocity of wave propagation, mode of vibration and frequency of the! 
_ note emitted, one by one. 
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TIL-9.8, ° Velocity of transverse waves along a string, Consider a 
very long flexible string (ab ; fig. TIL-9.2a), of mass m per unit length, 
stretched horizontally by a force of T dynes at each end. Suppose a 
sudden jerk at the end b produces a ‘hump’ AB, of/length 87, on the string 


aei é 


a 


Fig, 11-9.2a Fig. I11-9.2b 
and that it travels from b to a with a velocity v. The tension 7’ is supposed 
not to be changed by the hump. 

The velocity v may be calculated by a simple method. Let an opposite 
velocity v from left to right be impressed on the whole string, so that the 
hump appears stationary to a stationary observer, Every point of ad as 
it comes to the hump will glide through the hump and travel on in the 
direction Bb (Fig. III-9.2b). 

Suppose the hump AB (fig. IIL-9.8.) forms a circular are of radius R, 80 
that it subtends an angle “S/R at the centre. Thus su/R=2¢. At the 


Fig. 11-93 
points A and B two tangential forces, each equal to the tension 7’, are 4 
acting. Each of them has & component PQ directed towards “the centre 
O of the are and of magnitude 7’ sin $. When the are AB is very small 
sin ¢=¢ and each component=7'd- 
Total force towards the eontre=976=T7'1/R. Here we have a 
mass m.81 moving with a velocity v along the arc of a circle of radius R. 


The necassary centripetal force is then m.6Ww?/R and this is supplied by the 
components of the tension directed’'towatds O. So we have 
mélo*/R=2T6=T8/R 
or 02 =Zim or v= Tim (19.3.1) 
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I-94. Modes of transverse vibration of strings: and their F 
frequencies. ee ry ee FORON: 


 Normally-a vibrating string is rigidly ‘fixed at ‘its ends. We ‘assume. 
that no displacement ean ocotr'there ‘and the travelling displacement wave 
is fully reflected with a reversed phase. The result is a stationary wave 
system of the same frequency as the travelling wave with two nodes at 
the two fixed-ends. As there may be any number of nodes in between, 
various wavelengths, and hente frequencies.of vibration, are-possible. — 


If? is the length of the string then the simplest mode of vibration 


iis pads alot wild fo edan 
w i ‘ raat m 
I d ; at Ry 
A 
en th 
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mode of vibration occurs when the string’ vib i 
ting” vibrates t ts. 
4 (fig. IIT-9.4 ; second from top). The correspo: leat a, 
the third mode, ‘the string vibrates “in three'segments so that 1=$ Ag). 
Le.) As =20/3. When the string vibrates in-four Segments ‘the correspon-! 


TH-9.5. A, Fundamental frequency of.a vibrating string, The 
simplest possible mode of vibration of the string is one in which there are 
only two nodes in the whole string. ‘The antinode is.then in the centre 

of the string. In this mode the.entire string moyesito.and -fro in.a single, ( 
Segment (fig. 11.9.4. Top). The frequency wi a 


i th which this vibration is 
executed is called the fundamental frequency. “Since the distance 
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between two adjacent nodes is halféthe wavelength, the length | of the 
string is related to the wavelength \,-of the fundamental frequency by 
the relation L=% Ay or Ay=2I. y 


Tt tho fundamental frequenoy is. m, then we shall have 
nih 707 JTlm Since A, =21, we get 
m=i z (11-9.5.1) 
B. Other modes of vibration, If the string vibrates inp loops or 
segments, each loop will. have a, length Up=#d» where Ap ia the eorrespon- 
ding wavelength, Thus As F 2p. Jf the corresponding frequency i3 Mp, 
then Np\p=O= Nim» 
or m= s 2-5 z (11T-9.5.2)} 
This gives us all the characteristics of transverse vibration of stretched 
strings (See next Sec: ). tia this equation p is any integer, 1, 2, 8, eto- 
When p=1, the note emitted by the string is called its fundamental or 
tirst harmonic. It will appear from the equation that the possible notes 
from the string have frequencies which. are integral multiples of the 
fundamental note. For each value of p, the string vibrates in a 
characteristic way, that is, with p loops. Bach such way of vibration is 
called a mode of vibration. 

‘Theordtically, a string has infinite modes of vibration, ‘These are known as 
the natural modes of vibration of the string. 

To make the string vibrate owly ima lar mode is extremely dificult, 
This can be done by resonance with a vibration of that, particular frequency. 
When a string actually vibrates, modes of vibration are simultaneously 
present, ‘Their number and nature are determined by the way the string wae 
excited, The emitted note is complex and has several frequencies at the same 
time, Besides the fundamental, there "will be overtones, Since the overtones 
in this case have frequencies which are integral multiples of the fundamental, 
they are harmonics. Thor harmonic having p22 is-called the second harmonic, 
p=3 iè the third harmonic, and so on. 


C. Quality, The particular harmonics and their relative strengths 
determine the quality ( Chap. TLS) ofthe note from the string. Tia 
vibrating string is touched at a point distant d from one end where 
d=tlp, p being an integer, the vibration of that point stops. So it 
becomes a node, and only those frequencies can be present which have a 


A 
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node at d. : Theseiare the harmonics’ p;' 2p, 8p, ete. If touched in 

middle (4=1/2), 1 only p=2, 4, 6, éte.. harmonics, ie: the even harmonic 
only, can be present, All odd harmonics will be suppressed. If d=1/8) 
harmonies with p=3, 6,9, etc. can be present. The higher harmonies | l 
are generally weaker, In stringed musical instruments the quality of the 
emitted note can be changed in this way, that is, by touching the vibrating È 
main string at different points. 


TMI-9.6. Laws* of transverse vibration of strings, These were = 
discovered ‘by the French mathematician Mersenne in 1686. Tq. I- 9.5, xt) 
was established theoretically by Taylor in 1715. Mersenne’s laws are _ 
stated as follows : (If you write down Hq. TIT-9.5.1 you can state the Tae 
immediately.) i $ 3 
(x (0) 4 The frequency of vibration varies inversely as the vibrating length — 
when the tension and mass fêr unit ‘length remain constant. This is 
ii as the law of length. . In symbols, i ff 

i minI when T and mare constant. t zait 


@i) ‘The frequency of vibration varies directly as the square root of Š j 
tension when the length and mass per unit length of the string romain 
eanit This is the law’ of tension, In sytbols, 


«JT when 1 and m are constant. | 


(iii) The aro of vibration varies inversely as the square pie 
mass, per unit length provided the length and the tension of the string: 
remain constant. This is the law of mass, In symbols, 


1 ne J i/m when 7.and 1 are constant. 


į 
m ji 


m=aren of oross-section X density = Exd"p where dis the wire diamati 


The expression for frequency (Ba. II-8.5.1) then’ hecomes 


i ay pi alc ja S : \3 
AN Ird’ Xp Ld T A (10-8.6.1)_ 


į* Results stated as“ laws of transverse vibration. of strings’, ‘laws of simple : 
pendulum’ ‘laws of falling bodies’, etc, were experimentally established in thi 
early stages of the development of physics. Mathematical deductions came at 


Stage. The so-called laws automatically follow from the respect ? 
mathematical relations. 
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Hence of a uniform wire of circular cross-section, we may put the law, 
cof mass in the following forms : t 

(iiia) Law of diameter, Length, tension and material yemaining 
the same, frequency varies inversely as the diameter. 


(iiid) Law of density. Tiength, tension and diameter remaining 


the same, frequency varies inversely as the square root of density. 
ent based on the vibration of 


113.7. Sonometer. A useful instrum 

strings is the sonometer. Most of the laboratory experiments "on strings 

are performed with the sonometer or monochord. z 
A. Description. A sonometer (fig. IT-95) consists of a hollow wooden 

box with a thin horizontal wire, attached to a pes, stretched on the top 

of it The wire passes over a grooved pulley (P) and carries a hanger on 


which weights (w=mg) can be placed so as toapply a known tension to the 
the wire for adjusting 


wire. Wooden bridges, B, Bra Bs are placed beneath 
the vibrating length of the wire. ‘To measure these Iengths à horizontal 


‘indie ale ape e 


Fig. 11-85 (a). 


scale (the lower fig) is sometimes fixed on the box below the wire. Very 
often an auxiliary wire is provided alongside the main wire, stretched from 
another peg and passing over asecond pulley (the lower fig)» Ib also carries 
a hanger for weights) With only one string the apparatus is & monoohord. 


fig. IJI-8.5 (b) 


The frequenoy of the emitted note from a given sonometer wire can be 
altered by either (¢) changing the distance between the two bridge 
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while keeping ‘the ‘tension constant ‘or (ti) by keeping the distance fixed | 
and changing the tension, i t 
B. Ex.: Tw all experiments with the sonometer, the wire is 
required to vibrate in unison with the frequency of the source to bei 
investigated. To find when resonance occurs, place the tuning fork on the- 
sonometer box and a small paper rider on the vibrating length 
Alter gither the distance between the bridges or the tension, on the — 
string till, the rider is thrown off.. This happens when the natural 
frequency of vibration of the string agrees with that of the sounding body. F 
_ Ab resonance, the string vibrates with a large amplitude and consequently 
throws joi the rider. When there is a slight mistuning it can be 
detected by the beats that occur between the two sounds. One of the: k 
' bridges may then be adjusted till the beats disappear. An experimenter f 
With ® good musical ,ear can, without. the use-of a paper rider, obtain 
this matching, or “tuning” as it is technically called, by listening. HS 
_ ©. Action of box holes, Note that in the sonometer, as in the 
violin, the'sound comes:mainly from ‘the vibration ofithe air in the wooden 
_ box. Holes inthe sides of the box enable energy from the vibrating ait 
__ inside the box to pass into-the air outside. The vibrations of the string 
are communicated through the bridges to the top board of the sonometer — 
‘box. This is thrown into forced vibration. Its vibration throws the ait 
_ Inside the ‘box into forced vibration. Progressive waves come out of the: 
box through holes in its sides. That is how we hear the sound of the 
] vibrating air, The string itself is a poor radiator of sound energy. 
D, Actioniottork. -Whit happeñs when the’ stem ofa vibrating 
fork is pressed on the boardhiof «a sonometer ? -Wa -have noted in 
fig. TH-4.1 that ‘the stem“ vibrates longitudinally when - the “prongs: — 
até set) into’ (teansverse) ‘vibration. Zhe up-and-down - movement. 
of the stem throws the board into forced vibration, These are communi- — 
cated to the string through the bridges. ‘That~is how a vibrating fork 
affects the string, ' 4 
The forced vibration of the board gets its energy from the fork. So 
the vibration of the fork lasts for a shorter time.than when not pressed: K 
on the board. At resonance, the rate of energy transfer is quickest. 
Hence when resonance occurs, the vibration of the fork diminishes fastest. 


Example. II-9.t. A wire 50 em long is under a tension of 25 kg. The 
mass of thewire is 1449. Fini the frequencies of the fundamental and the 
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Solution : Hore P'=2bilegé=25 x1000%'089 Ydyn ; m=1-44 gidem For the 
fundamental 7=60° em Substituting these values in Eq. TIT-9.5.1, we get 
the fundamental, feequeney=291'6/s. ‘The second harmonic ‘has’ twice 
this frequency. 

Ex. IlI-9.2. Two wires of the same material and diameter have lengths 54 em 
and 36 om and the same frequency. . If the tension in the jirstis 9 kg, what is the 
tension in the second ? 


Solution: Here n= op nl Be ak. Ta or, VTi Ty 
: 1 


m 

Putting values, we get T,=4 kgf. 

Ex. 1-9.3. The tension m a wire is 10ky. Andtherswire of the same material 
has double the length and diameter of the first, What should be the tension tn the 
second so that its fundamental may be an octave higher than that of the first ? 

Solution: Let lm, d, and la, d, be the lengths and diameters of the two 
wires respectively. pis the same for both. Wehave lym 2l anil d,=2d,, If 
n, is the frequency of the first, m, will be equal to 2n,,. Therefore, 
noa hy / ORE nd tg 2a Vibe eomthosd hwo got 74/640 gt, | 

al, mpd,” s f ) 5 

Ex. 1-8.4. Find, the velocity of transverse waves ima string under a tension of 
O23 ky when its length is 65 om and the mass 0-62 g. If it emits its fundamental, 
what is the frequency ? (g=981 oms") 1 dat) 

Solution: Tension in absolute unitsm0'23 x 1000x 981 dyn 
Mass per unit length + 062/65 = 0008 g/em’ 
<. Velocity of the wave om JTim. ! 


a Je 5311 em/* 


Wavelength of the fundamental «2 x65 cm 
Frequency of the fundamental =¢/A=5311 /130 = 4085 Hz, 

Ex. 1-9.5. A steel string 100 om long is struck at a point 25 om from one end. 
What are the possible modes of vibration and which harmonies will be missing ? 
If the vibrations were stopped at 25 em, which harmonies will be present ? 

Solution: Those notes of vibration of the string in which it has a node at the 
point struck, will not beexcited. The distance of the point struck is 25/100 
fraction of the total length. Hence the 4th, 8th, 12th ete. harmonics will have 
nodes at that point. They will not be excited, 

In the second case, vibrations with a node at 25 cm can be present, ġe., the 
4th, 8th, 12th ete. harmonics. 

Ex. 1-9.6, Tworidentical wires stretched under the same tension of 5 kg-wt emit 
notes in unison which are of frequency 300[s One wire has its tension. increased 
by 100 gm-wt. Find the number of beats heard whent they are plucked. 


7 ON 
108 r 
Solution : Original tension of both the wires in absolute units ta 
AAT W at iny issi : =5x 1000x 981 dyn 


| Subsequent increased tension of one of them=5'1% 1000%981 dynes, 
‘When sounding in unison the frequency of the second wire was 300. 
GE oe ree gan T  75¢1000% 981 i si P 

TAG Be ASME AA E i ri ine JM m “ee 


At the higher tension the frequency of the second wire is 
å \ 


yw LEE yig. 1000981 
“Bt NT my 


et ha n 


; no Bx 100x981. a 5T -RA 
SO ig ** 300" Vi 5x 1000x981 vV% B 


1 4 
EAE on 


Ei. 
Ex. 1-0.7, ‘Two wires of the same material have lengths in the ratio 2 : 8. I 
their. diameters. are the same what must be the ratio of their tensions for the shorter” 
__ wire to give a note an octave higher than the longer ? 


As n Is an octave higher than n’, we have n=Dn'.” ° 
‘ae EVA VZ o 1r- wp 
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I-10 
f VIBRATION OF 
AIR COLUMNS 


1-10.14. Stationary vibrations in Air Columns, We have seen 
above how a vibrating string generates stationary waves, The frequency 
of the vibrations or waves is the frequency of any one of the natural 
modes of vibration of the string. They can persist for long in a string. 
Such a wave must satisfy two end-conditions (known as boundary condi- 
tions). Tho boundary conditions of a stretched string fixed at both ends are 
that there must be two nodes at the two ends since the ends are rigidly 
fixed and there can be no motion of the string at either end, 


Bxactly similar considerations apply to the vibration of an air column 
in a pipe, open at one or both ends, Like the string it has natural (or 
characteristic) modes of vibration. The frequency of such a vibration is a 
natural frequency, Th is the frequency of a stationary wave which can 
persist in the air column, To do so the wave must satisfy boundary 
conditions at the two ends of the pipe. So, our arguments in finding ‘the 
natural frequencies of an air column will be similar to those in the case 
of strings. 

But the waves here are longitudinal in character. The air column 
is enclosed in a pipes and is excited by blowing at one end. The 
compression and_rarefactions started by the blowing, travel along the air 
column, and are reflected at the , other end. Stationary waves are 
produced by the interference between the incident and reflected wave- 
trains passing through the air column in opposite directions, as discussed 
below. 

Wo shall consider the air column to be contained in (i) a pipe closed 
at one end and open at the other or (ii) a pipe open at both ends : they are 
called a closed pipe and an open pipe respectively. It will be 
assumed that (a) the diameter of the pipe is small compared with the 
length of the pipe and the wavelength of sound, and (b) the walls of the 
pipe are rigid. 

11-10,2. Closed pipe. A vibrating tuning fork, when held over the 
open end of a pipe, the other end of which is closed, sends « longitudinal 
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-wave-train downithe pipe. Tb is reflected from the closed end which is, 
rigid wall. Superposition of the two identical but oppositely-di 
wave-trains produces stationary waves in the air column, generally 

‘small amplitude. 


‘Since DAT end is rigid, air particles at this end cannot move. 8o 
4 hode deturs atthe closed end. Again, at the open end the air particles 
have the maximum freedom of movement. So the displacemenit the 
“will bea maximum, so as to produce an antinode, at the open end 
Stationary waves which satisfy these two boundary. conditions can persi 
i PN the tube. Therefore, the natural modes of vibration of an aiv 
“Gna closed pipe are such that there is a displacement node at 
closed end and an antinode at the open end. Stationary waves which 
* falil this condition can have various, wavelengths.as shown below: 


We know that the separation between a node and an antinode is 
soran odd multiple thereof. Hence, theiair column in a closed’ pipe will 
Be, would make the ‘pipelength 

the relation: between the 
‘length will be t 
F 1=(2m—1) d/o am = 449 ~1) 
: awhere m=, 2,8 ete, í i 
TÉ o be the velocity of the sound waves produced. then the Srequen 
Of the emitted tone will be 
in =C! Nm =(2m—- 1)c/4l (EE-10.2 
A. Fundamental in a closed pip 
Tf in the above eqn. we put m=1 th 
we have n,+o/at (H-10. 
This is the fundamental tone or the fi 
harmonic, the lowest frequency that 
given pipe ean emit. Putting m=1in e 
TH-10.2.1' we get thb Yelition between | 
length Tof the Pipe and the wavelengt 
(ay oo (W) produced, which ‘is "À, =47, This “18 
oft Pig. TH-10.1 longest wave produced By the pipe: © 1 


e 
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H 
[l 
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— 
mens | 
= 
= 
= 


SAHEN 


} "Physically it represents the simplest mode of vibration with a no 
siya äh antinode at the two ends and no other in the pipe. 
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The mode of! vibrition of an air column ina closed pipe emitting the — 
fundamental is shown in fig: IM-10:1. ‘The amplitude of vibration of air 
particles gradually falls off from the open end towards the closed one. The 
ontire column: alternately moves towards the node (closed end) and away 
from it. The pressure variation is a maximum at the displacement node 
4nd a minimum at the antinode, Fig, II-10.1.. (b) shows the disposition of 
air layers throughout the length of the pipe when the compression at the 
closed end is highest. i "Pi 

[We may imagine the amplitude at any place in the pipe to be ropresonted b 
ahorizontal line drawn. at the place and confined between the broken lines if 
fig, ITI-10.1 (a) In this and subsequent figures though the amplitudes are indicated 
as if the vibrations aré transverse, it must be remembered that they are 
longitudinal in nature and paralled to the pipe amis.) 

B. Higher harmonics of a closed pipe. Inthe mode of vibration 
next in simplicity, there is another pair of node (n,) and antinode (a,) 


Any Alt 
e 
n= 
alk} is 
nicl Nie 
(a) U > 
Fig, II-10.2 


between the ends of the pipe (fig DT-10,2 b) is âs then putting m=2 in 
eqn. TIT-10.9.2 we have, the next frequency as 
Ne =o]/\g=80/41=8n,. (0-10.24) 
This is the first overtone or the third harmonic-» The frequonoy is 
thrice that of the fundamental. The value of the corresponding wave- 
length is obtained by putting m= 2 in eqn. I-10.2.1 and A= 4/8. 
It there be two pairs of nodes and autinodes between the ends of the 
pipe (fig. T-10.9¢) then there will. be five quarter-wavelongths in the 
length ‘of the pipe, $ê 1=5ig/t ot 45=41/5. The corresponding 


frequency will be 
fis =0/4g=50/41=5n4 (T11-10.2.5) 


5 


t 
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This is the same as ined by putting m=3 in egn: II-10.2.2. This is 
the:second overtone or the fifth harmonle, 
Lagat + af a 

Putting m=4, 5 oto. in succéssion in Eq. T1-10.2.1 and MI-10.2.2 we 
can find the wavelengths and frequencies of the higher overtones. The 
corresponding nótes'are the Tth, 9th ete. harmonics,» This analysis, from 
Eq. IT-10,2-2 shows that only the odd harmonies can be obtained 
from a clo pipe. hes . 

As ine string, itt is dificult. to excite only one mode of vibration ; 
more than o o ate almost alway present. ‘The particular overtones excited 
and, their tensity relative to the fundamental depend on the mode of 
_ excitation. The quality of the emitted note depends upon the overtones 
- presenti and their intensities relative to that of the fundamental, 
< W408. Open pipe. To find the naturalmodes of vibration and the 
_ frequencies of an open pipe, wedetermine the kinds of stationary waves 


f 


that satisfy the bo ii at the ends of the pipe. Remember, 


in a stationary Wåvo the ‘particle displacement is zero at a node, Të 
gmdually increases as=war maye away from the node and reaches a 
maximum at thetnestest antinede. Thereafter, it falls to zero ngain at 
the next node- i 
In an open pipe, the wir particles at both the ends have the maximum 

freedom to motga Hence only those Stationary waves can persist in 
an open pipe which have maximum displacement antinodes, at 
the ends, ‘This is the basis to caloulate the natural modes and the 
corresponding frequencies, of ‘vibration of an open pipe. The natural modes. 
of vibration in an open pipe will be those that have two displacement 
antinodes ab its twð'ends, 

__ Now, the distance betwoen two antinodes isa multiple of 2 and 
given by màm/2 where m is an integar 1, 2, 8, ete, Hence the felation 
between the pipe-longth and the wavelength will be given by 


b= mhm] Ot Xm = 21m (U11-10.8.1) 
and the frequency: of a note will be ? 
s n=0/ dy, = mcl 2h. (111-10.3-2) 


As in a closed pipe or vibrating string, it is very difficult to excite one 
“miode only, Depending on ‘the method of excitation, several hormonics» 
pesides the fundamental, are simultaneously present: Quality of a note 
is determined as in the other related\ cases. ` r 
-Fundamental and harmonies in an open pipes THE: bimples 
eee of vibration of eit in an open pipe ‘is that in which there is 


r 


A 
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no antinode in the tube etoept at the two ends.” ing the corresponding — 
wavelength by Ay we shall have 1=A,/2 or A, =2h, The frequency nı 
corresponding to the wavelength is . Aye 
ny =/A, =0/21 (I11-10.3.3) 
This is the fundamental. It can also be obtained by putting m=1 
in Eq. IM-10.3.2. A single node will be in the middle of the pipe. The — 
amplitude and disposition of the air layers throughout the length of the 
pipe are indicated in fig. I1-10.8() and (4). n° 
Putting m= 2 in Hq, Ill-10-8.1 and 111-10-8.2 we obtain 
l= Ag and na“ ol \g=oll= 2n. ‘ (IUL-10-8.4) 
This is the next mode of vibration and the 
emitted tone is the. first overtone or the second 
harmonic, Its frequency is twice that of the 
fundamental.’ Physically, there are) three Janti. Wi 
nodes nd’ two ‘nodes ‘in ‘the tube'as shown ti) ae 
Big. 1-10.4(0). A 
Putting m= 3 in Eq. I-10.3.1 and WI-10.8.3 we = 
got] = 84/2 and ma =olhs=80/ 2 Bax. (1-10.85) 
This is the second overtone or the third 
harmonic. It has a frequency thrice that of the 
fundamental , In this oase four antinodes and T RG) (b) 
threo nodes occur in the pipe (fg: I-10. .A(c)]. Age TNA. 
Putting m=4, 5,46: ete. in Ha. 1110-3.. and TI1-10-3,2, we goh the 
wavelengths and frequencies of the higher le 
of overtones are simultaneously 
In tba, opon, pipe leo, @ nutes along with the fundamental, 
Al) {| Ayt AY} t] whomever it is sounded.” In contrast 
e mf =| with the closed pipo, all harmonics, odd 
E all as well às even, may be given out by 
__| _ an open pipe. 
n= a, i n= 


al In all modes of vibration, the ‘portions 

nf} 7 [5 | 9 of the air column on two sides of a node 

di ndj simultaneously move towards the node 

A { | A \4 t ! or away from it, Pig. IiT-10.8(b) re- 
(a) (6) (C) = presents the relative positions of normally 
tor equidistant air layers as they all move 


towards & ae Thearrows in Fig's JI-10.4 represent this kind of motion. 
s r 


" aS sJ I 
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11-104, Comparison between closed and open pipes. © 01. i 
Closed pipa (OTA ‘Open pipe oa 

Ie 

ii. Must have a displacement E Must have displacement: 
antinode at the open end and a antinodes at both ends and dis- z 
gee node at the closed. placement mode at the middle. M 
“Posible wavelengths 2. Possible wavelengths 


Yi Om 1) where m=1, 2,8, |Am=91/m where m=1, 9, 8, eto. | 
ete. EN H B; 


8. Possible frequencies tm = 3: “Possible frequencies nm= 
o/\m=(2m—1) of 41. c! hn = mol 2. ; 

4, For the fundamental m=1, 4, “For the fundamental m=1, — 
A54, na =c/4l. A =21, ni =c/21. a 


‘Therefore, for pipes of same length the fundamental of an open aint i 
a8 wn. octave above that ofthe closed one. To produce the. same fondam erigi y 
an open pipe should Have double the length of the closed one. Ws 
6. The first overtone ks m= 5. First. overtone has’ m=2, 
2, 8o that 4.41/38, na =ni. This) "As =} and n=2n,. This’ is the 
is the third harmonic. second harmonic: 
6, Second overtone has m=8, 6. Second overtone has me 
As =41/5, ns =O. Ibis the fifth As=927/3, n=8n,. Ibis the thitd — 
ng harmonic. 
~% Only odd marimionics ean 
be Fences a 


7. All harmonics, both odd 
and even, can be produced. E 


Fig.s IT-10.5 and T-10.6 ‘show 
the number, position etc. of the 
nodes and antinodes in the two 

“types of pipes as each emits its 
first and second overtones 
respectively. Every successive 
overtone has one node and 
ons antinode more than the 
preceding ‘overtone. 

Example Iil-10.1. A closed organ 
pipe 24.5 em long is in unison with æ 

$ tuning fork of frequency 256. If its 
a a Tig 1-105, Fig 111-106 length is increased by:2 mm, find the 
number of beais produced when the fork and the pipe are sounded together, [And u3 


pi jiwit 
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Solution: Assuming that the pipe is sounding its fundamental we have from. 
the given data 256—0/(4 x 24.5) ` 
where c is the velocity of sound. Then c=256 x 4x 24.5 
When the length is increased, the frequency becomes 

n=c/4l=250 x 4x 24.5/(4 x 24.7)=253.9 or 254 (approx.) 
The number of beats=256 -254 =2 per sec. 

Ex. 1110.2, Two organ pipes, one closed and the other open, are respectively 
2.5 ft. and 5.2 ft long. When sounded together 4 beats are heard per second. Find 
the velocity of sound. [ Pat. U] 

Solution: If n and n' are the fundamental frequencies of the closed and open 
organ pipes respectively, then : 

n=e/4l, n'=o/2l and n—n'=4. 
+. pme|(4x2.5)=0/10 and n'=0/(2x 5.2) —0/10.4. 
1_ 1) dor cm -1 ; 
o (Arga) t oF om dx 10x 104/041040 ft/s 

Ex, 1-10.38 A swimmer sends a sound signal from a lake bottom tothe top, 5 
beats are heard with the fundamental of a 20 em long closed tube. Find the wave- 
length of sound in water given that vélooity of sound in air and water dre 360 m/s 
and 1500 mjs respectively. (EELT) 

Solution: Let n be the frequency of the sound signal. Then that of the 
closed pipe will be nt5. So we have 

n'=nt5 = 04/4l=360/4 x 0.2 450/s 
<. A= Opin = 100/455 or 1500/445=3.3 m or 8.37 m 
i hi im produces 8 

Ex. W-10.4 A 250m long string with a mass of 2.59 under tens 
beats with a closed pipe 40 om long, when the string sounds its first aro e € 
pipe its fundamental. On decreasing the tension beat frequency fi i A keg 
tension in the string af sound speed in air i8920 mls- TuE: 


gi 24/7 T oll 820 i 
Solution + naV ari Bees tp P TOA 20 /s 


From the given condition n= 20048 


as decreasing the tension lowers ng and beat frequency also falls 


But 
=npt8 


we conclude %g7”p hes mg 
, a8- VIOT > 10 pm (20825)! or T=20.04 megadynes. 


11-10,5. Vibrating air columns as sources of sound. When we 
speak of a source of sound, we understand that, it is.a vibrating body which 
generates sound waves in air. Air columns in closed or open pipes can 
vibrate with characteristic frequencies, and they are stationary vibrations. 
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_ Stationary vibration of air columns ‘in closed or open pipes can be 
generated in more than one way. ' A common method is to blow ac x 
the mouth of the pipe. -This blowing sets up waves within the pipe, 
These are reflected repeatedly from the two ends of the pipe (so long as. 
the blowing persists), forming stationary waves. ‘Though it is surprising, 
a large part of the wave inside a pipe is reflected back into, the pipe at 
each incidence atan open end. A small, part of these incident. waves 
there pass out through the opening and spread out as progressive spheric: 
wayes. This is how an open or closed pipe serves as a source of pera 
waves ond hence is a source of sound. 


_-111-10.6, Determination of the frequency of a fork or Velocity of 
ound by resonance with an air column. The frequency of a fork may \ 
“determined by setting up resonance’ with “it ófa column of air oft 
koan length. The frequency can then be determined from the length 

of the column if the velocity, of sound in the air column is known, An ne 
open pipe which has one. end immersed in water works as a, closed, pipe. x 
The length of the enclosed air column can be altered by varying) the» 
{ depth of immersion, 


fo find the frequency of the fork, the, vibrating fork is held at the P 


girit 


fig, III-10.7 


ara of the tube which has been sunk to the maxiitim nate 
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"The tùbe is then slowly” raised along with the vibrating fork (fig. TH-10.7). 
At a particular position of the tube the air in’ the tube will be thrown into 
resonant vibration by the fork “and emit a fairly loud sound. Since we 
started from’a vetty short length the note emitted by the air column must 
be its fundamental.) “Ife is the yélocity of sound: in the air column, | the 
the length of the resonant air column and the frequency, then. from 
Eq. I11-10.2-8. we get n=olAle j 

The velocity so determined és that iñ moist, saturated air at the tempe- 
rature of the room. Velocity increases with temperature and moisture, 


Knowing c and measuring 7 we can find n, the frequency of the fork. 
Tt we know'n we dat froin the relation 6= Am, find ó: ‘Thus the velocity 
of cound in the most air of the tube can be determined in the laboratory. 

Tf the pipe is filled with a gas other than air, the velocity of sotind in 
the gas can be found by the same method. ` 

End Correction. Lord Rayleigh, has shown theoretically that if 
stationary waves are, generated in a tube, the antinode {8 not formed 
exactly at the open dnd of the tube but Ties A Tittle beyond it, | Tf the 
radius of the ttibe i67, the aftinode will be ata distance 0.67 away from 
the open end. 

Therefore, if the actual length of the tube ist, the distance between 
the node at the closed ehä and the'antinodė at the open end is (1+0.6r). 
To correct for this effect at the end we should write 

n=ofA(L+0'Gr) (11-10-6.1) 

Ex. 1-10.55 An open pipe, 30 oms long, and a ol pipe, 23 oms long, both of 
the same diameter, are cach sounding its first overtane w pich are in unison. What 
is the end-correction of the pipes ? f i { Lond. Inter ] 


Solution: When the open pipe is sounding its first overtone, the length of the 
vibrating air-colamn will be 30+2e since there are two ends. If the wave-length 


is 2, then z.=0[n=30 +2" (A) 
where e is the velocity of sound and n the frequency of the first overtone of the 
open pipe. 


When the closed pipe is sounding its first overtone, the length of the vibrating 
air column must be 23+e- Since the tube is sounding its first overtone, the 
vibrating length will be 3/4. 

She Be P 
a 23+¢ oF Fn B+e (B) 


23 + c= §(30 +20). 


Since the frequen cigs’ are the same, we get from relations (A) and (B) 
i de 492=90 +60 or em Lom 
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Alternative method, ‘There is an alternative method of finding n 
or o by eliminating the end effect. If we keep on increasing the length 
of the air column beyond ‘the first. resonance, a second resonance will 
occur when the length of the’tube is nearly three times its previous value, 
The tube then emits its first overtone or third harmonic, 


Let the wavelength of the note emitted by the fork be A. If la is 
the length at the first resonance, then 


M4=1e+06r=bi te (A) 
Tt la be the length of the vibrating column atthe second resonance 
then 8\/4=1, +0'6r=ba te (B) 


[The matter will be clearly understood if we imagine the closed end; 
i.¢,, the water surface in the tube, to lie at Na in fig. IIT-10.6 (left) at the 
time of the first resonance, and at Na at the second.] 

Subtracting (A) from (B), we have M2=e—la 

sa c=nh=2n(ly—1,) (TIT-10.6.2) 

This relation is free from end correction. 

A simple form of the resonance tube is shown in fig. III-10,7. A more 
elaborate apparatus is shown in fig. IIT-10.8. It consists of a metal tube 


Fig. II-10.8 


RR’ about 5 cms in diameter and 1 metre long. A rubber tubing AP 
connects it to a metal container C. The container and the tube are partly 
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led with water as shown, The level of water in the tube can be changed 
‘raising or lowering C. A number of strings from the periphery of the 
mtainer is tied together toa stout string W which passés over two 
alleys p and p’. Ccan be raised or lowered by pulling or slackening 
s string. A narrow glass tube C is connected by aside tube to RR’ 
stands in front ofa scale SS’, The tops of Gand RR’ are at the 
une level so that the length of the air column can be read off from the 
S; To carry out an experiment, a sounding tuning fork T'is held over 

and the water level is adjusted by manipulating W till resonance is 
btained. Several readings for resonance are taken both when the length 
the air-column is decreasing and when it is increasing. 


A 


_ Experiment, To determine the BEE of sound in air. The 
‘container is raised so that the length of the air-column is very small, 
“Now, holding a vibrating fork of known frequeney over the tube, O is 
slowly lowered so that the length of the air column in RR’ slowly increases. 

At a particular length the air inthe tube will resonate producing a loud 
sound. When the sound is loudest, the length of the air-column is rend 
off from the water-level in G. Q is lowered a little more and then raise? 
to find the resonating length. The observations are repeated. 


-| The mean gives the length for the first resonance and the tone emitted 
“by tho air-column is its fundamental tone, 


‘The container is then lowered continuously till a second resonance 
‘is obtained. The readings for the resonating lengths, both when O is 
being raised and lowered, are taken as before and the mean value obtained. 
This length gives out the first overtone which is the third harmonic, 


111-10.7. Effect of temperature and humidity on the frequency of 
an air column. The frequency 7% of the note emitted by an air column 
=(2m+1) c/4l or n=me/2l according as the column is closed 


‘is given by 7% 
„etc, c=velocity of sound in air and J the 


= oopen, Here m=], 2,8, 
length of the column. 
“temperature increases, % will increase as the square root of the absolute 

temperature ; m will also increase when the air inthe column is more 
~ moist, as the density of moist air is less than that of dry air. 


Ex. 11-106 A fork of frequency 250 produces resonance when the length of air 
column in a tube is 31cms and again, when it is 97 cms, Find the velocity 


of sound in air and the diameter of the tube. [U. P. B.) 


Va 
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Solution: The difference between successive resonant lengths is half the 
wavelength. ‘Therefore, the velocity is c=2n{l,—1,)=2 x250% (97-31) om 
sec=330 metres/sec. Now from eqns A and B above'we get. 
© e=¥{lo—31,) = 407 -93)=2 ems. 
she a5 d=e/0.3=6.7 cms, 
Ex. 110,7: A tuning fork held over:a resonance tube shows. resonance with ir 
columns 24 oms, amd 741 cms long. Find the frequency of the fork, the ent 
correction of the tube and the room temperature, if the velocity of sound is 340) 
metres|sec, at room temperature and 330 metres[sec at OC. [ Utk, v. i 
"Solution: From Eq, II-1(-6.1, the frequency of the fork is 7 
n=o/2(la = 1,)=84000/ {2 x (74.1 -24)} +31 x 10/(2 x 50.1) =339.3 per sec. 
‘Whe end correction em Hla 31,)=4(74.1 - 72)=1,05 cms, 
To find the room temperature, we apply Eg TEE 4-6,30¢/es V TTT, 


i o 23t. [3w AN U D A SAT 
Hence ) or l+ Ga) lt f 


B78 N3303 i 
„neglecting (1/33)? Which is very small. ily 
IR <. t=2x273/33=16.5°0. i 


Problems: (1) A closed pipe, 26 cm long, is filled in turn with (a) hydroge Dy 
(6) air and (c) oxygen, under the same conditions of temperature and pressure 
‘The densities óf the gases, proportional to their molecular weights, are in the 
ratio 13144316, Lf the velocity of sound in air 330/ms, find the frequencies OF 
the fundamentals in the three gases. [ Ans. 330-m/s, 1252 m/e, 313 m/s. 1 


(2) The frequency of a note emitted by an open air column at 10°C is 100 Hi 
What will be the value at 30°C ? { Ans. 1035 Ha 


y (3) Two open organ pipes give 6 beats per second ich sounded together n 
oS. What will be the number of beats at 24°C? [Ans. 6'15 per secon 


lf } |: 
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IfI-1. (Simple Harmonic Motion) 


[A] Essay type questions ; 

1. Define simple harmonic motion in two ways. What are the 
characteristics of 8. HLM. ? 

2. From the definition of Simple harmonic motion, derive expressions 
for (i) the displacement of the particle, (ii) its velocity and (iii) its 
acceleration, Under what conditions will they assume maximum and 
minimum values ? 

3. Establish the equation of SH.M. Prove that the total of kinetic 
and potential energy at any instant in an §.H.M, is constant. 

(H, S. '81, '82) 

4, How does energy in SHM. depend on the mass of the particle 
and the amplitude and frequency of the motion? At which points in 
S.H.M. are the kinetic energy and the potential energy of the particle a 
maximum ? Where are they zero ? 

5. (a) What do you understand by phase in 8.H.M,? What are 
phase angle and phase difference ? 

(b) Explain how you can compose graphically two collinear S.H.M's 
of same period and phase but of different amplitudes ? What will 4 
if the phases are opposite?! (H. 8. ’81) 

6.. Give a precise definition of 8.H.M. and discuss how far the motion 
of the simple pendulum is simple harmonic. (J. E, E. '76) 

7.. Show that motion of each of the following is simple harmonic and 
find the time period ; 

(i) loaded vertioal elastic spring, 
(ii) cylinder floating vertically in a liquid, 
(üi) liquid in a U-tube, 
(iv) gas enclosed in a cylinder under & piston, 
(v) body suspended by a wire, 
(vi) horizontal bar magnet in earth's magnetio field, 
(viii) body dropped in the hole bored along the diameter of earth. 


[B] Short answer type questions; 

8. A copper ball suspended on a spring performs vertical oscillations, 
How will the period of oscillations change 

(a) if an aluminium ball of the same radius is attached to the spring 
instead of the copper one ? 

(b) if the copper ball is immersed in a nonyiscous lignid of density 
one-tenth that of copper ? 

9. Give some examples of motion that are approximately simple 
harmonic, Why are motions that are exactly simple harmonic very rare ? 
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10. A point mass m is suspended at the end of a massless 
length J and cross-section 4, If Y is Young’s modulus for the wire, ol 
the frequency of oscillation for its simple harmonic motion alo 
vertical line. (LLT. "78) 

11. A spring has a force constant k, anda mass m is’ suspended from) 
it. The spring iscut in half and the same mass is suspended from o 
of the halves. Is the frequency of vibration the same before and 
the spring is cut ? How are the frequencies related ? id 

12. Suppose we have a block of unknown mass and a spring 
unknown force constant. Show how we can predict the period of oscillati 
of this block-spring system simply by measuring the extension of the spri 
produced by attaching the block to it. 3 
13. You have a light spring, a metre scale and a known mass. Ho 
will you find the time period of oscillation of the mass attached toi 
spring without using a clock ? (LLT. "7 
/ 144. Predict by qualitative arguments whether a pendulum oscilla 
‘with large amplitude will have a period longer or shorter than the p 
for oscillations with small amplitude. 


[C] Numerical problems : 


15. Write down the equations of harmonic motions with amplitude ; 
O'1 m,a period 4's and an initial rash zero. If the initial phase is 
then what will be its equation? [40°1 sin (0'52é-+7/u) m.] Í 


16, The equation of motion of a point ‘5 A e EEDE (a + 


om. Find (i) the period of oscillation, (ii) the maxi locity 
the point and (iii) its maximum acceleration, [4s, 3°14 oma", 198 He 


17. The equation of motion of a point is given as g=sin 


Find the moments of time at which the maximum velocity and accelera 
tion ae ee ge [0, 6, 12s ete, 3, 9, 1.8 eto) 

i own the equation of a harmonic. oscillato; ion if 
maximum acceleration of the point is 493 cms” ?, the period ot O ecillati 
2s and the displacement of the point from equilibrium at the init 


moment 25 mm. [5 sin (n+? con 
6) 
19. ‘The initial phase of an harmon oscillator i8 zè s poin 

1 n ni ro. When th 
deviates by 2'4 cm from the position of equilibrium, its, velooie 
3 cms * and by 28cm when it is2ems-*. Bind the amplitude » 
period of this oscillation. oR (341 em, 4 


20. ‘The initial phase of a harmonic oscillator is lapse 
of what fraction of the period will the velocity of A e, to 
half its maximum velocity ? [1/6. T] i i 


21. Show. that the when a particle inS. H, M. isata dist 
KE times its amplitude, its velocity is half the etait ie a 


te 
y 
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22.. What is the displacement of a particle in S, H. M. When its 
kinetic and potential energies are equal ? [amplitude+ /2] 


23. What is the ratio between kinetic and potential energies of a 


particle in S, H. M. for the moments of time (i) tats, (ii) is, 


tii) tate? Tho initial phase of oscillation is zero: [8, 1, 1/3] 


24, What is the relationship between kinetic and potential energies 
‘of a particle in 8S. H; M. for the moments when the displacement of the 


point from the position of equilibrium is (i) s= (ii) amt. (iii) #=a, 


where a is the amplitude of oscillations. [15, 8, 0] 
25. ‘Show that if the displacement of a particle moving af any time 
is given by an equation of the form #=a cos wt Fb sin wt, the motion is 
simple harmonic. If a=8,b=4 and m=9, find the period, amplitude, 
maximum velocity and maximum acceleration of the motion. (Madras) 
(Hint: Show that f= —*r] (3°142, 5, 10, 20] 
26. A particle executing an §, H. M. has a maximum displacement of 
4 mm and its acceleration at a distance of 1 mm from its mean position 
is 3 mms~*. What will be the velocity at a distance of 2 mm from thg 
mean position ? [6 mms” 
27. A body executing S. H. M. has an amplitude of 10 cm and time 
period of 1.òs. Calculate the time taken by the body to travel a 
distance of 5 J3 om from its rest position. (Patna) [0,25 6] 


28. A steel strip, clamped at one end vibrates with a frequency of 
20 Hz and an amplitude of ò mm at the free end, where a small mass of 
2 g is positioned. Find (i) the velocity of the end when passing through 
the zero position, (ii) the acceleration at maximum displacement, (iii) 
the maximum kinetic and potential energies of the mass. 

* [0'628 ms*, 79 ms~*, 8'9X107* J, 8'9x 1074-7] 

29, A small coin is placed on a horizonal platform connected to a 
vibrator, the amplitude of which is 0,08 m and is kept constant) as | the 
frequency is increased: from zero. At what frequency the coin will be 
heard chattering? ‘Take g=9'8 ms“*. [1'8 Hz]. 

80. A particle is moving with S. H. M, ina straight line when the 
distance of the particle fromthe equilibrium position has the values #4, 
and @a and corresponding velocities t, and tp, Show that the 

wet 
period is Sulles?—e,°Mus?—ws)}% 

81, A block is placed on a horizontal platform which is moving 
vertically with §.H.M. of amplitude 10 em. Above a certain 
frequency, the thrust between the particle and the platform would become 
Zero at some point in the motion. What isthe frequency and at what 
Point in the motion does the particle lose contact with the platform ? 

[1'6 Hal 
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32, A particle which is performing an §.H.M. of period 7’ about the 
centre O and it passes through a point P with velocity v in the direction 
OP. Prove that the time which elapses before its return to P is 
(T/x) tan~* (vT/2x.0P). 

38. A block on a horizontal surface is moving with an S. H M. of 
frequency 2 oscillations per second, The coefficient of static friction 
between the block and plane is 0'50. How great can the amplitude be if the 
block does not slip along the surface ? [31 om] 


84, The vibration frequency of atoms in solids at normal temperatures: 
are of the order 10*°/s. Imagine the atoms to be connected to one another 
by springs. Suppose that a single silver atom vibrates with this frequency 
and that all the other atoms are at rest. Then compute the force constant 
of a single spring. One mole of silver has a mass of 108 g and contains 
6'02% 107* atoms. [284 10-1® dyn em} 


85. An automobile can be considered to be mounted ona spring a 
far ag vertical oscillations are concerned, The springs of a certain car are 
adjusted so that the vibrations have a frequency of 3°0 per second. What 
is the spring’s force constant if the car weighs 3200 I? What will the 
vibration frequency be if five passengers, averaging 160 lb each, ride in 
the car ? [11'4X 10° 1b wt/in, 2'8 Hz] 

86. The end of one prong of a tuning fork which executes S. H. M. 
of frequency 1000 per second hasan amplitude of 0°40 mm. Neglect. 
damping and find (i) the maximum acceleration and maximum speed of 
the end of the prong and (ii) the speed and acceleration of the end of the 

prong when it has a displacement 0°20 mm. 
[16X 10* ms~*, 1'5 ms“, 2'2 ms=*, 79x 10° me^] 


87. When a metal cylinder of mass 0°2 kg is attached to the lower 
end of a light helical spring the upper end of which is fixed, the spring 
extends by 0'16 m. The metal cylinder is then pulled down a further 
0'08 m. (i) Pind the force that must be exerted to keep it there if Hooke’s 
law is obeyed. (ii) The cylinder is then released. Find the period of 
vertical oscillations, and the kinetic energy the cylinder possesses when it 
passes through its mean position. [1'0 N, 0'8 s, 0°045 J.] 
[5 vir A helical spring gives a displacement of 5 om for a load of 500 g- 

nd the maximum displacement produced when a mass of 80g is dropped 
from a height of 10 cm on to a light pan attached to the spring. [5 om.) 


89. A test tube of weight 6g and of di i 

y 2 floated 
vertically on water by placing 10g of mercury at cae at the tube. 
The tube is depressed by a small amount and then released. Find the 
time period of oscillation. (Bihar). [0°4527 s.l 


40. The rise and fall of the tide at a certain harbour may be taken to 
be simple harmonic, the interval between successiye high tides being 
12 hr 20m, The harbour entrance has a depth of 10 m at high tide and 
4mat low tide. Find how soon after a low tide, a ship drawing 8'5 ™ 
can pass through the entrance. [4 hr. 6 m. 40 s] 


~ 41, A cylindrical wooden block of cross-section = 
m 15 cm® and mass 
230g is floated over water with an extra weight 50g attached to its 
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bottom. The cylinder floats vertically. From the state of equilibrium, 
ik is slightly depressed and released. If the specific gravity of wood =0'3 
and g =980 em s~®, find the frequency of oscillation of the block, [0°79.] 

42. A uniform U-tube is filled with water toa height of 30 cm. 
When water level is pushed in one arm through a small distance and 
then released, find the time period of oscillation of the water column. : 

(U. P., Delhi ) [1'098 s] 

43. A bask of volume 500 ce. has a narrow necked tube of area 
xj4 cm”. The flask contains a gas enclosed by a small ball at the neck. 
The mass of the ball is 8g and the whole vessel is thermally isolated from 
the surrounding. If the ball is pushed a small distance and then released, 
the ball is found to move up and down. If the ratio of specific heats of 
the gas is 1°4, find the period of oscillation. The atmospheric pressure is 
10° dyn/cm”. [0'888 s] 

44. A particle of mass m is attached tothe mid-point of a wire of 
length J, stretched between two fixed points. If T be the tension in the 
viro, find the frequency of the lateral oscillations. E hi T] 

Qn ml l 

45. Two charges +Q, +Q are placed ata distance of 24 from each 
other. Another charge g is atthe mid-point. If the charge q is displaced 
to either of the sides, find the time period of oscillation. Tf the charge q be 
negative and it is laterally diaplaced by a small amount, find the period of 
oscillation: [ox am, ox,/ a'm | 

4Qq 204 

46. The period of vibration of a magnetic needle in the earth's 
magnetic field is 29, It is broken into two identical halves, Calculate 
the period of vibration of each half. [is] 

47. Ifa small magnet makes 12 oscillations per minute in a field of 
0'37 oorsteds what additional field will be necessary for it to make 20 
oscillations per minute at the same place 2 (0°66 oersted) 

48, A straight frictionless tunnel is bored through the earth from one 
point of its surface to another. Tf an object is dropped into the tunnel find 
the period of oscillation of the object. (g=981 oms™* and radius of the 
earth =6'38X 10° m.) (84'4 s) 

49. Ifthe mass of the spring m is not negligible but is small 
compared to the mass Mot the object suspended from it, show that the 
period of motion is T=% (M+m/3)/k 


TlL-2. (Vibrations) 


[Al Essay type questions : 

1, Explain the terms periodic motion, period, frequency and amplitude 
of vibration. Give two examples of periodic motion. 

2. What are meant by free and damped vibrations. Explain the 
nature of damped vibration with an example, 

3. Distinguish between free and forced vibrations, giving examples, 
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4. Distinguish between forced vibration and resonance, giving 
examples, What do you mean by sharpness of resonance ? 
[B] Short answers type questions : 

5. Give one example of each of transverse, longitudinal and torsional 
vibrations. o> 9 $ 
6. When the base ofa vibrating tuning fork is pressed against a 
table the intensity of the sound is very much increased. Explain how 
this extra energy is obtained and show that the’ principle of conservation 
of energy is not violated. (J. E, E. '75) 

wi! Why do soliders break steps while marching over a wooden bridge ? 
8. Why are a number of strings fixed in stringed instruments ? 


te 
Le ‘Why are stringed musical instruments provided with a hollow 


- 10. "Empty. vessel sounds much’—Explain the statement. ; 
1i. Why is the string ofa sonometer made ofa thin wiro while 
the speaker of a radio-receiver is made of a thick paper cone ? f 


; 12. Why are damping devices often used in machineries 2. 


fanda IL-3. (Wave Motion) 
[A] Essay type question : 
“1. What do you understand by a wave? What are transverse 


and longitudinal waves ? Explain with illustrations, Compare a transverse 
wave with a longitudinal wave. 


2. ‘Tike any material wave as an exainple and illustrate with its 
help what happens in wave motion as also the nature of wave motions. 


4. What is meant by compressions and rarefractions in a longitudinal 
wave? In which directions do particles of th i i 
wih yiia aiae i parti e medium move in two. 


the characteristics of wave motion. 


F 
5 Wh is a simple harmonic wave? What 
3 A do understand by 
the amplitude, period, time, freque: ney and wavelength ca such sou ? 


7. What is meant by a plane, progressive harm i 
the importance of such a wave ? onic wave? What is 


Establish an equation for particle dis ladement 
explain the meanings of the symbols teed) ‘ ea + gales 


8. Show how the equation y=a sin 9% (:-2) and y=a sin 2% 


(+42) represent two waves moving in opposite directions along the X-axis. 
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9 Take'any of the equations in the above question and show that 
displacement is repented at intervals of time 1’=1/a and distances v/n, 

wae State the common properties of waves and briefly explain their 
nature, 


11. What is a wave-front 2 How are rays and wave-fronts related ? 


[B] Short answer type questions : 
12. What advances in a progressive wave ? Jf 
13. What kind of motion does a particle of the medium execute in a 
longitudinal wave ? 
14, While a longitudinal wave can move through all kinds of material 
media, a transverse wave can move through only a solid. Why is it so? 
45. Where does the energy of wave motion come from ? 
; he What relation does a periodic wave bear to a simple harmonic 
wave 
17. Ata point inside a liquid medium a to and fro periodic motion 
(a disturbance) along the #-direction is impressed, Pixplain briólly using 
a neat sketch how this disturbance will be propagated along the #, y and 
2 directions and the type of elasticity modulus involved in each. 
(J. E E. '79) 
18. Does the velocity of a wave also give the volocity of the particles 
of the medium ? 
19. Ts an oscillation a wave? Txplain, 
20. A wave transfers energy: Does it transfer momentum ? 


[C] Numerical problems : 

21. A tuning fork vibrates 200 times por second. If the velocity 
of the waves generated in air by these vibrations have a wave velocity of 
340 ms”, what are the periodic time and wavelength of the wave ? 

(1/200 s, 1°7 m] 

22. Ifthe frequency of a fork vibrating in water is 254 Ha and 
the velocity of longitudinal waves in water is 1094 ms"*, how man 
vibrations will the fork execute before the waves move over 100m? [25 

23. A body vibrating with a constant frequency sends waves 10 cm 
long through a medium A and 15 om long through another medium B. 
The velocity of the wave in A is 90 oms~*, Pind the velocity of the waves 
in B. y Re 
24. What is the difference of phase between the oscillations of two 
points ata distance of 10 and 16m respectively from the source of 
oscillations? The period of oscillations is 004s and the velocity of 
their propagation 800 ms™*. (> rad] 

25. The displacement from the position of equilibrium of a point 
4 om from asoures of oscillations is half the amplitude at the moment 
t=7/4, Find the length of the wave. 

26. ‘The speed of electromagnetic waves in vacuum is $X 10° ms™*. 
G) Waves lengths in the visible part of the spectrum range from about 
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4x107" m inthe violet to about 7X 10" m in the red. What is the 
range of frequencies of light waves ? (b) The range of frequencies for) 
shortwave radio is 1°5 megacycles/s to 300 megacycles/s. What is the 
corresponding wave length range ? (c) X-ray wavelength range extends 
from about 5X 107° m to 1'0X107** m. What is the frequency ranga 
for X-rays ? 

{75x 10% to 43X10" Hz, 200 to 1 m, 6X:10*° to 3X 10*° Ha) 

27, Write the equation for a wave travelling in the negative direction 

along the w-axis and having an amplitude 0'010 m, a frequency 550 vib/s 


and a speed 800 ms“*, [01 sin 447 (800-2) m| 


‘28, A piece to cork is floating on water in a tank. When ripples 
over the water surface, the cork moves up and down, What will be the 
maximum velocity of the, cork if the. velocity of the wave is 0'2 ms" 
wave length of the wave is 15 mm and amplitude of the wave i eee 2 

m 


29, The equation ofa wave is y=5 sin li- 2) with len 


expressed in cm and time in second. Find (i) wave length, (ii) amplitude, 
(iii) frequency and (iv) velocity of wave. Also calculate the maxim 
yelocity and accelération of the particle of the medium. 
[50 om, 5 cm, 25 Hz, 1250 ems™*, 785°5 ems~*, 125000 oms™ 

30. A wave is represented by y=0'25 X 107 sin (500 ¢—0°025 
where y is in om, ¢ in seconds and # in metres. Determine (i) the amplitudes” 
(ii) the period, (iii) the angular frequency, (iv) the wave length. Find 
also the amplitudes of particle velocity and particle acceleration. 3 

(0°25 10-* om, (ii) 7/250 s, 500/s, 80% cm, 0°125 cms™*, 62'5 ems +4 


TIL-4. (Sound Waves and Velocity) 


[A] Essay Type Questions. 

nog [ee ee ae 
Pabst eg ot» coefficient is concerned in the propagation of sound 
Ape 
arm of a fork have on its frequency ? 

3. Explain how sound waves propagate through air. 
ae e 
T E a P aeee a e a 
sole TA Sorgen Sel 
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6. What is Doppler effect? Mlustrate it with an example, If the 
source advances towards an observer what will be the apparent frequency 
of the waves ? If the observer advances towards the source then what 
will be the modified frequency ? 

7. Calculate the modified frequency of the waves if both the source 
and the observer are moving. What happens when there is no relative 
motion between the source and observer ? 

_ 8, Can Doppler effect be detected in the case of light waves ? Explain 
with examples. Mention some applications of Doppler effect in astrophysics. 


[B] Short answer type questions : 

9, The speed of sound is the same for all wavelengths— Explain. 

10. During a thunderstorm, sound of thunder is heard much after 
the lightning flash is seen—xplain. É 

44, If a sound is made at one end of a long hollow iron tube, two 
sounds are heard at the other end, Explain 

12. Sound waves are longitudinal in nature—give some reasons in 
support of this statament. y 

13, What are infrasonic and ultrasonic waves ? 

14. What is the special characteristic of a tuning fork ? 

15. Is there à Doppler effect for sound when the observer or the 
source moves ab right angles to the line joining them ? 


16. A satellite emits radio waves of constant frequency. Describe 
how the sourid changes a8 the satellite approaches, passes 
recedes from the detector on the ground. 

17. Why isa tuning fork made with two prongs 2 Would a tuning 
fork be of any use of its normal purpose it one of the prongs is 


sawn off ? + 
48, How is it that we con hear the sound of coming train distinctly 
by applying one ear on the railway line, but we cannot hear the same 


sound through air ? 
19, Ina sports-meet, the timing of a 100 m straight dash is recorded 


at the finish point by ng an accurate stop watch on hearing the 
sonnd of the gun fixed at the starting point. When will the time 
recorded be more accurate, in summer or in winter ? 

20, The velocity of sound is generally greater in solids than in gase 
at N.T.P. Why ? s 

21. What would you hear if you were to move away from a source € 
sound with the speed of sound ? 

22. Why the vibration of a simple pendulum is not audible to tl 
human ear? But that by mosquito or fly-wings are ? 

“ 93, Write down the expression for the velocity of sound in terms 

rms velocity of gas molecules. 
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[0] Numerical problems ; - { 


24. Calculate the velocity of sound in air at N.T.P. ( the ratio of 
specific heats for air=1'4 ; density of air at N.T.P.=0'001993 g/cm?) 
iy [889°5 ms7*] 
25. Young's modulus for steel is 9°14 101* dynem™? and its density 
is78gcm™*. Find the velocity of propagation. of sound through a 
steel bar. How would the temperature of the bar affect the result ? 
` [5237 ms~* Increase] 
26. If the root mean square velocity of the molecules of a diatomic 
gas is 461 ms“*, find the velocity of sound. (y=1.41) (815 ms7*] 


27, The temperature of the upper layer of the atmosphere cannot be 
measured with a thermometer, since it will not get into thermal equi- 
librium with the environment owing to the low density of the gas. 
For this purpose use is made of a rocket with grenades which explode at a 

- gortain altitude, Find the temperature at an altitude of 20 km. from the 
earth’s surface if the sound produced by an explosion at an altitude of 
21 km is detected 6'75 s after that produced by an explosion at an altitude 
of 19 km. (velocity of sound at N.T,P, =330 ms~*) [-55°0] 


28. Calculate the velocity of sound in air at 10°C when the pressure of 
the atmosphere is 76 cm, ‘The velocity of sound in air at NLP. 
=339'5 ms? ' [3886 ms~*] 
~ 29, Assuming thatthe velocity of sound in air at N.T;P, is 1080 ft/s, 
find the velocity at 50°C and 70cm pressure, [1185 ft s7*] 


__ 30. The wavelength of the note emitted by a tuning fork of frequency 
512 is 66°5 om in airat 17°C. Ifthe density of air at NIP, is 1'293 
gem™", calculate the ratio of the two specific heats of air. [1°39 


L 31; A sound wave emitted by.a source at one end ofan iron tube is 
950m long and two sounds are heard at the other end at an Shera of 2°58 
Find the velocity of sound in iron, assuming that the velocity of sound in, 
air at NLP. is 389°5 ms~2, [3161 ms~*] 

$2, A thunder is. heard 6 s after a lighting flash. Calculate the 
distance at which the lightning occured if th tempe i 
25°C (velocity of sound in air at 0°C=339 = iy oe oy ee 


83. A stone is dropped into a well 8'4 m deep, 4'28- later the 
sound of the stone splashing the water is heard, Calculate the velocity 
of sound. Take g=980 cms~?, [841 me t, 

84. Compare the velocity of sound in. argon and. carbon dioxide at 
27°C and under a pressure of 76 cm of mercury. ‘The molecular weights of 
argon and carbon dioxide are 40 and 44 respectively and ratio of specific 


heats of argon and carbon dioxide are $ and $ respectively. { /11/8] 


35. A stone is dropped from the top of a tower and th d is 
heard 4'4 s later. Find the height of the tower, Velocity E A in 
air=1000 fts-*, g=32 fts *, (H. S. 79) [272°2 ft] 


36. Two trains are travelling towards each other at speeds of 
72 kmh™ and 54 kmh“? respectively. The first train whistles Batis 
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a sound with a frequency of 600 Hz. Find the frequency of the sound 
which can be heard bya passenger in the second train (i) before the 
trains meet, (ii) after the trains pass. The velocity of sound is 
340 ms™* [666 Hz; 542 Hz] 


37. A man on a seashore hears the hooting of a ship. When neither 
is moving, the sound, has a frequency of 420 Hz. When the ship moves 
towards the man, the frequency of sound he hears is 480 Hz. When the 
ship moves away from the man, the frequency is 415 Hz. ind the speed 
of the ship in the first,and second cases if. the velocity of sound is 
338 ms™*, ? [28'8 kmh*, 14°7 kmh“*] 


38. A bullet flies with a velocity of 200, ms™*, How mariy times 
will the height of the tone of its whistling change for a man standing 
still, past whom the bullet flies ? The velocity of sound is 830 area ‘ 

h f times, 


39. A bat flies perpendicular to a wall with a speed of 6 ms™* 
emitting an ultrasonic sound with a frequency of 46% 10* Hz. What 
two frequencies can be heard by the bat and why? ‘The velocity of 
sound iy 840 ms *. {4°60 x 10* Hy, 4°66 x 10* Hz] 


40, A motor car is fitted with two horns, which differ in frequency 
by 298 vibrations per second, If the car sounding both the horns is moying 
at 30 m.p.h, towards a person, who is at rest, calculate the change in 
difference in frequencies of the notes heard by him. (velocity of sound 
in air is 1120 fta~*.) f 299 o.p.s.) 


41, A policeman on duty at a. crossing challenges a motor driver for 

crossing the speed limit of 72 kmh™* by detecting change of 20 

vibrations in the ha wine pe ane ee bim, Is 
? i PRINS mt 

eapo 2 2 (Yes, the car crossed the speed limit] 


42, The whistle of an pon prise at 80 mi/br is heard by a 
motorist driving at 15 mi/hr and estimated to have a pitch of 506. What 
must be the actual pitch of the whistle to the nearest whole number when 
(i) the two are moving in opposite directions but approaching each 
other, (ii) the two are moving in the opposite directions but, away from 
each other, (iii) the two moving in the same direction, the motorist 
being behind the engine, (iv) ae two inte, i the ee bine we! . 

ahead engine, Velocity of sound j 
gui taia ihe (478, 698, 509, 491, Hx) 


tuning fork, tied to the end of a string 6 ft long, is 
AA a i makes 120 revolution per minute. Calculate 
the difference of the frequency between the highest and the lowest note 
heard. by situated, in the plane of rotation. Velocity of 
100 oe (Bombay) [0'01877] 


sound = 1 $ j 
ic examination of light from a certain star shows 


a A eireag gth of-a certain spectral line is 5001A, whereas 
the ates feo Nearalegih of the same line produced by a terrestrial source 
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5000A. In what direction and at what speed do these figures suggest that 


the star is moving relative to the earth ? 
[Receding with a velocity of 6X 10° cms ™] 


45. Could you go through a red light fast enough so as to have it appear 
green? Would you get a warning for speeding ? (Wave length of red and 
green light are 6800 * 10-® cm and 5400X 107° om respectively and speed 


of lightb=3* 10*° oms.) No, 
Ill.-5. (Reflection, Refraction, Diffraction) 


[A] Essay type questions : 

I. What geometrical laws of reflection do sound waves obey ? What 
is the disadvantage of demonstrating these laws ? 

State any practical application of reflection of sound, 

9, What is an echo? To hear to echo of a sound clearly, the 
reflector must be at a minimum distance. Why is itso? How can you 
measure the depth of water with echoes ? 

3. Distinguish between reflections and reverberation of sound. Give 
an example of reverberation and state how it is caused. 

4, What are the geometrical: laws of refraction’? Why do we say 
that in the case of sound, air is an acoustically denser medium than 
water ? ; 

[B] Short answer type questions : 

5. A sound emitted from the bank of a river at night can be heard 
farther on the water than a similar sound emitted in the day time 
Bxplain why: 

6. When there is a wind, a sound is carried farther down the wind 
than in the opposite direction, Example why. 

What relation has this phenomenon with the refraction of sound ? 

7. Why does the sound is an empty hall a l 
filled with people ? 7 ppear louder than when 

8, Why can’t we hear echo in small rooms ? 

9. How is reverberation minimised in a modern cinema hall ? 

40, Is it always true that a reflected sound 
tho original direct sound ? has the same frequency A$ 

11. Lhe wall of a room can reflect sound waves but i 

í b light waves + 
on the other hand a small mirror can reflect light E i 
waves) Explain why- ght waves but not soand 

19. Why do we hold our palm in a curv; i 
catch a sound distinctly ? Surved:fesbion neat our ear w 

43, Why are the roofs of public auditoria meant 4 
Like arches ? tior meetings bent 

l4. The music reproduced by a loudspeaker is not nat 
n x SEK is A ural to a person 
2 ba listener is situated well off from the axis of the loudspeaker. Explain 
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15. Why does the sound of thunder is rumble and rolling ? 


16. Explain the kind of sound waves necessary for revealing minute 
details of the ocean bed by depth sounding method. (J. E. E. 75) 
[C] Numerical problems : 

17. A explosion occurred under water and at the same moment & 
siren was sounded from a ship. The ship was 3850 ft. away from a 
mountain. If the velocity of syund in air be 1100 ft s-*, find the time of 
hearing the echo. If the echo in water is heard after 11/7 s, find the 
velocity of sound in water. [7S, 4900 ft s7*] 

18, A man runs towards acliff at the rate of 4ms~* and fires his 
pistol, At the instant of firing the man is 2.49 km away from the cliff. 
Find when and where the man will hear the echo. [14'82 s, 2480°72 m] 


19. The velocity of sound in air is 840 ms~* and that in water is 
1500 mst. What will be the critical angle of refraction from air to 
water ? [18° nearly] 

20. An engine approaching & tunnel whistles and the driver hears 
an echo after an. interval of 20s. Ten minutes later the echo is heard 
after an interval of 16s, How far is the engine now from the tunnel 
and what is its speed ? Velocity of sound in air=332 ms"*. 

[26651 m, 1°11 ms”*] 


21. A gun is fixed on a sea-shore in front of a line of cliffs. A man 
standing 300 ft away from the gun and equidistant from the cliffs notices 
that the echo takes twice as long to reach him as does the direct report, 
Find the distance of the gun from the cliffs, (Cal. Univ.) [225 ft-] 

99. An echo repeats 4 eh epee Find the Sei) te the i 

if it takes 1/5th of a sound to pronounce and hears one syllable 
FRE The velocity of sound is 1120 ft 72, (Pat. Univ.) (448 ft.] 


93. From a vertical cliff two men stand at equal distances. The 
distance between the two men is 800 ft, One man fires his pistol and the 
second man hears the direct sound after ¢s and the reflected sound after 
2 t a. ` Tf tho speed of sound is 1100 ft. s7*, find the distance of aie 
of the men from the cliff. é sss 260 ft] 

ifl t is fired in a valley between two paratie mountains. 

Pan” Be tow mountain is heard after 2s and the echo from the 
other mountain is heard 2s later. What is the width of the valley ? Is 
it possible to hear the subsequent echoes from the two ra 

i he same point? If so, after what time ? Pg 

simultanoonsly af Sa [1040 m, possible, 6 s.] 
, Some explosives are kept at a depth of æ from the sea level. At 

the cae, eel nie certain distance away, & hydrophone is kept. When 
the explosives burst, the hydrophone receives two sounds after intervals 
of t4 and ts from the time of explosion, Show that the depth of the 


ocean is +ga” 


26. Find the refractive index of the second wave on the boundary 
between air and glass. Young's modulus for glass is 6'9X10°° N/m’, 


-t K where v is the velocity of sound in water. 
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the density of glass 2°6gcm7°, and the air temperature is 4 
(Velocity of sound in air=340 ms *) : K 
97. What is the depth of a sea measured by means of 
sounder if the time between the moments the sound is produ 
received is 2'5 s? The coefficient of compression of water is i 


m*/N and the density of sea water is 1030 kg m’. 


= IIL-6. (Superposition of waves) 


[A] Essay type questions : 
1. What is meant by the principle of superposition of wa 
‘Describe two phenomena which are due to superposition of two 8 
waves. ` 
~. 2% What are beats ? What conditions must be fulfilled so. that, 
may be heard clearly ? g 
How do beats enable one to determine the frequency of a fork ? 
8, Show that the number of beats per second is equal to! 
w ifference of frequencies of the superposed sound waves. i 
4, What are stationary waves? ‘Describe their cliaracteri 
Compare stationary and progressive waves. i 
6. Calculate mathematically the positions of nodes and antinodes in @ 
stationary wave, i 
6. Under what circumstances are stationary waves formed ? D 
-an experiment to demostrate stationary waves. 

1. What is interference of waves? Give an example of 
inte of sound waves. ; 
[B} Short answer type questions : 
© 8 Two identical tuning forks emit notes of the same frequen 

“Explain how you might hear beats between them. ia 

a 9. How a stringed instrument is ‘tuned’ ? ; 
+ 10, How are beats utilised in detecting poisonous gas in a mine 2 | 

y iL Aici are the conditions that must be satisfied for clear audibil 


12. Distinguish between the formation of an echo and the form 
o a HOTT. waye by aha. explaining the general circums! a 


waves in air, 
14. Mention the difference between i ‘and 
stationary wave, $ sen HL = 


15. Tf the two waves differ only inamplitude'and are propa ated 

25, sap EE s BA 

opposite directions through a medium» will th d he: aves 
eas aa code? ey produce standing bey 
os When: two waves interfere, does one alter the progress. of 


VIBRATIONS, WAVES AND SOUND 187 


17, When waves interfere, is there a loss of energy ? 

18. What are the conditions necessary for interference of wayes ? 

19. Why don’t we observe interference effects between the light 
beams emitted from two flashlights or between the sound waves emitted 
by two tuning forks ? 


3 20. Two sound waves of amplitude 5 and 2 cm and frequencies 100 and 
102 Hz travel in the same direction, Discuss the experience of an observer 
receiving these waves. 
21. In a two-slit experiment using blue light, state the effects the 
following produce on the appearance of the interference fringes : 
(i), The separation of the slits is decreased. 
(ii) ‘The screen is moved closer to the slits. 
(iii) The source is moved to the two slits, 
(iy) Red light is used in of blue light. - 
(v) One of the two slits is covered up. 
(vi) The source slit is made wider. Fe 
(vii) While light is used in place of blue light, | 
22. A ringing sound is heard. when a sharp sound is produced near a 
flight of stone steps—why ? j 
[C]: Numerical problems : A 
28, A tuning fork of unknown’ frequency makes three beats per 
second with a standard fork of frequency 384 Hs. The beat frequency 
decreases when small piece of wax is put on a prong of the first for 
What is the frequency of this fork ? (887 Hz. 
24. ` A source of sound of frequency 1000 vibrations per second moves 
away from you toward a cliff at a speed of 10 ms™*. (i) What is the 
frequency ‘of the sound you hear coming directly from the source ? 
u What is the frequency of Lag iat han epee pret gr 
iii) What beat frequency would you sound ar is 
330 ms™*.) X ; {970 vib/s, 1080 v/s, zero) 
25.. A source S and a detector D of high-frequency waves are at a 
distance @ apart on the ground. The direct wave from S is found to be 
in phase at D with the wave from S that is reflected from a horizontal 
air layer at an altitude M. The incident and reflected rays make the sarne 
angle with the reflecting layer, When the layer rises a distance +, no 
signal is ‘detected at D, Find the relation between d, h, H and the 
wavelength A of the waves [fA=2 VEF +a" -2 Jan fa" 
96, A ine approaches a bridge at 10 it a7% while sounding a 
whistle al, tome Hz. The sound is reflected from the bridge. 
Calculate the fr the beats heard by a stationary) observer behind 
the engine, Velocity of sound=1100 ft s~*.) [9 beats per sec. ] 
27,- Sound waves froma tuning fork reaches an observer by- two 
different: paths. When one path is greater than other by 17 om, no sound 
is heard by the observer. When the path difference is 84 em, sound is 
heard by the observer and when 51 cm no sound and soon. Explain the 
phenomenon and find the frequency of the fork if the velocity of sound in 
air is 340 ms. [1000 Ez.] 


v. WS—10 
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98. Sound waves from a vibrating body reach a point by two paths. 
When the paths differ by Sem or 24cm, there is silence at the point. 
Calculate the frequency of the body if the velocity of sound in air is. 
332 ms. (2075 Hz] 

29. A tuning fork of unknown frequency when sounded with another 
of frequency 256 Hz gives 4 heats and when loaded with a certain 
amount of wax, it is again found to give 4 beats. Find the unknown 
frequency. (L L T. 74) [260 Hz] 

30. A set of 65 tuning forces is so arranged that each gives three 
beats per second with the previous one. Between the first and the last 


stands the octave of the first. Find the frequencies of the first and last. 
forks. [192 ; 384 Ha] 


31. A sound wave of frequency 165 is incident normally on a wall 
and retraces its path on reflection. ‘At what distance from the wall, the 
amplitudes of vibration of air particle will be (i) maximum and (ii 
minimum. Velocity of sound in air=330 ms 

[nodes will be at the distance of 0, 1,2, 8 meters and antinodes 
at distances 0'5, 1'5, 2'5: ete. frym the wall.) 


32, Three tuning forks of frequency n+4,n and n—4 respectively 
are sounded together. Assuming their amplitudes to be equal, show that 
the number of beats per second produced by them is 4, 


; 33. In a Young’s slits experiment the Separation of ten bright fringes 
is 75 mm when the wavelength used is 6200 A°. The distance from the 
slits to the screen is 80cm, Calculate the distance between the two 
slits. E [0'8 mm. 
34. ‘Two. slits are 0'3 cm apart and are illuminated by a source of 
wavelength 5900 AS. Fringes are obtained at a distance of 80 om from 
the slit. Find the width of the fringes. [0°0059 om 
35, A sharp tap made in front: of a flight of stone steps produce & 
ringing sound. If velocity of sound in air is 3830 ms~* and th step is 
16'5 om deep, find the frequency of sound, {1000 Hal 


IIL.-7. (Light waves) 


(ay os type questions : 

k at reasons can you give to show that light i i ? 
Give a rough value and, as fa i Be oe oa 
of light in vacuum. x as possible, an accurate value of velocity 


3. What vibrates in light waves ? Does li i i 

nod CS N joes light require any material 
. What is meant by polarization of waves? Bri in how 

polarization decides whether a wave is longitudinal Senne! o 

which of these kinds do light waves belong ? Why do you think so? 

4. Tf light is a kind of wave, and waves have the general property of 
bending round corners, how can we accept the results of geometrica 
optics 2 Geometrical optics is based on the assumption that light travels 
in straight lines in a homogenous medium. 

[B] Short answer type questions : 
5. Does light waves require any material medium for transmission * 
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6. What is it that vibrates in light ? 

7. What are the essential similarities and dissimilarities in the 
properties of light and sound waves ? 

8, What are the basic similarity and dissimilarity between light 
‘waves and radio waves ? 

9) What is the importance of determination of velocity of light ? 

10. Light waves can be polarized. Can sound waves be ? 

11. Tf light can bend around an obstacle (diffraction), why can't we 
see around a wooden partition ? 


111-8. (Physiological sound) 


[A] Essays type questions : 

1, Distinguish between musical sound and noise. What are the 
characteristics of musical sound? Define them. Are they physical 
quantities ? 
2m State with what physical characteristics of a sound wave the 
loudness, pitch and quality of a musical note are principally concerned ? 

3, Explain clearly the terms note, tone, fundamental, overtone and 
harmonic. 

4, Distinguish between pitch and frequency of a note, 

5, Distinguish between loudness and intensity of sound wave. 

[B] Short answer type questions : 

6. Is it true that a tuning fork emits musical sounds ? 

7. Explain why a musical sound can not always be distinguished 
clearly from a noise. 

8. Does intensity of sound depend upon the medium ? 

9. What are the factors that makes the voice of your one friend from 


that of the other different ? How can you explain the roar of a lion and 


buzzing of a mosquito from the point of view of the charactoristics 
sound ? (J. E. E. 172] 


10, How does the same notes from different musical instrument 
differ ? (L T70) 
11, All harmonics are overtones but all overtones are not harmonics 


Explain the statement. 

12, When a saw starts cutting a log a high-pitched sound is produced, 
but the pitch falls as the saw outs into the wood—xplain why ? 

18, Why does the loudness of a sound decrease as the listener moves 
away from the source ? 

14, Higher pitch means smaller wavelength—Explain. 

15, Evena blind man can be easily identify the sound coming from 
a Violin and piano although the tunes have the same pitch and loudness 
—How ? 

16, ‘To hear the yoice of a person over a telephone we bring our eass 
in contact with the earpiece of the telephone but the sound of a loud- 
speaker can be heard from a great distance—Explain, 
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17. Discuss the factors that determine the range of frequencies in 
your voice and the quality of your voice. À 

18. What is the nature of the wave motion in which (a) the ampli- 
tude is same at all points, but the phase varies with position, (b) the 
phase is same at all points, but the amplitude varies with position ? ay 


IIl.-9. (Vibration of strings) 


[A] Essay type questions : $ 

1. Derive an oxpression for the velocity of transverse waves along a 
stretched string, P 

2. Tf a string under tension is fixed at both ends, how will stationary 
waves be formed in it ? 
| | If such a string vibrates in one or more segments what will be t o 
relation between the frequency, the length of the wire, its tension, eti 
Write the relation in the form of an equation and explain it. 


What is meant by the fundamental frequeney of a vibrating wire 
What is meant by harmonics ? 
3. State the laws of transverse vibration of strings. fj 
Describe a sonometer.. How would you'verify experimentally the laws” 
of transyerse vibration of strings with its help ? f 


4, How would you compare the frequencies of two tuning forks by! 
sonometer ? ey P 
[B] . Short answer type questions : 
: 5. a ie length of a wae under tension, m is an integer=1, 2,8 
ete. armonics will be present in the vibrati ing if l/m isa 
(i) node, (ii) antinode ? ENEO ize tng 4 
a be! It the Lapeer of a vibrating string is doubled, material and 
remaini: e same, what change should i tension 
to keep the frequency the same ? er ee se, the tenia 
ó 7. What purpose do the holes in sonometer’s sides serve ? 
_ 8. Why is the sonometer box made hollow ? 


ee are the vibrations of the fork transmittéd to the wire in 


10." At what point should a stretched stri its 
fundamental tone most prominant ? a OEA fo ma 


11. A string is struck at the midpoint, i ios 
will be present and which are absent. eae ee harin t 


i 


13. Explain how by touching lightly at suitabl ints ality 
eb thie\ccnnd emitted by a vibrating airina aa i Oie S 
14. How the fundamental frequency emitted by a stretched strin 


will be modified if (i), iflength is doubled, (ii) if tension is increase 
four times, 3 
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[C] Numerical problems : 


; 15. A50cm long wire weighs 1°25 g. lts tension is 25 kg. What 
will be the frequency of a fork in unison with the wire ? [313 Hz.] 


16. A stretched wire is 30 cm long and 0°02 cm in diameter. Its 
fundamental frequency is 200 Hz. Another wire of the same material 
and tension is 20 cm long and 0'025 cm in diameter. What is the 
fundamental frequency of the second wire ? [240 Hz] 

17. ‘When the length of a stretched wire under the same tension is 
70. or 15 om, it produces 6 beats per second with a given fork, What is 
the frequency of the fork ? [174 Hz.] 

18. Two tuning forks produces 4 beats per second. They are 
respectively in unison with stretched wires of lengths 96 and 97 cm, their 
material, diameters and tension being the same, What are the frequencies 
of the forks ? [884 Hz, 888 Hz.] 


19. The diameter of a steel wire is 1:20 mm, If the velocity of 
sound wave in the string is 50 ms~*, find the tension. Density of steel 
=77 gm om’. [2'222 kgf. ] 

20, A rope weighing 0'05 kgm™* is stretched ata tension of 245 N 
between two points 30m apart, If the rope is plucked at one end, how 
long will it take for the resulting disturbance to reach the other “a ? 8] 

048 5, 


91. An addition of 24 kg to the tension of a string, changed tho 
frequency of the string to three times the original frequency, What was 
the original tension ? (Calicut '75) [8 kgt.] 

29. A wire under tension vibrates with a frequency of 450 Hz. 
What would be the fundamental frequency if the wire were half as long, 
twice as thick and under one-fourth the tension. (P.U.) [225 Hz. 

23. A sonometer wine 100 om long resonates with a certain weight. 
On adding 100 g to the weight the length was increased by 2 cm in order 
to restore the tuning. What is the initial weight in the pan ? 

(Delhi '75) [4°975 kgf. 

24, A wire 100 cm long and of mass 1 g is making 256 vibrations por 
second under a tension supplied by a brass weight hanging vertically. On 
immersing the weight in water the vibrating length of the wire has to be 
shortened by 5 cm to regain its original pitch ? What is the density of 
brags ? (Mysore '75) [10°28 g om™®* 

25, Four violin string, all of the same length and material, but of 
diameters in the ratio 4: 3: 2: 1 are to be stretched so that each gives a 
note whose frequency is 3/2 tinies that of the preceding string. If the 
stretching force of the first string is 2'048 kgf, calculate the tension in 
the other strings. [2592 kgf, 2'592 kgf, 1'458 kgf] 

96. The length of a sonometer wire is-1 mand-the tension 5 kgf. 
By how much should the length be altered. to keep the frequency 
unchanged if tension be increased by 0'2 kgf? (Mysore '72) [0°02 m.] 

27, In Melde's experiment when the tension is 100g and the fork 
vibrates at right angles to the direction of the string, the latter is thrown 
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in four segments. If now the fork is set to vibrate along the string, find 
what additional load will make the string vibrate in one segment. = 4 
(Vikram.) (800 gf] 


98. A thin steel wire has been stretched so that its length is 
increased by 1%. If the distance between the bridges is 100 om, caloulate | 
the frequency of the wire. Young's modulus of steel=2'0 x 10** dyn 
om” * and density =7'8 g om`*. (Allahabad) [2525 

29, A wire 100 cm long and of mass 1 g vibrates with a frequen 
of 256 Hz under a tension supplied by a brass weight of density 8'7 gom 
hanging vertically, On immersing the weight in water, the vibrating 
length of the wire has to be shortened to maintain the same frequent 
Calculate the length of the vibrating wire. (94°08 om.) 
"80, A steel wire 0'8 mm in diameter is fixed to a rigid support at one 
end and is wrapped round a cylindrical tuning peg 5 mm in diameter 
the other end, the length of wire between the peg and the support bein; 
60cm: Initially the wire is straight under a negligible tension. i 
will be the frequency of the wire if it is tightened by giving the peg & 
quarter of a turn ? Density of steel=7800 kg m~? and Young's modulus 
2X 1077 N ma’. [8411 H 

81. Two similar wires vibrate transversely in unison, When the 
tension in one is increased by 2°01 per cent and two wires vibrate 
simtiltaneously, three beats are produced per second. Find the original: 

frequency of vibration of the two strings. (C. U.) [800 Hal 

89, ‘Two 60 om long identical sonometer wires are stretched by the 

same tension to give a note of frequency 800, By how much should the 
length of one of them be altered to give five beats per second ? 4 

la k er (Gorakhpur) [0'0102 mJ 

. A movable bridge divides a sonometer wire into +s which 

differ in length by 1 cm and produce 4 beats per dain kde ; soul L 

togata: Tf the whole length of the wire is 100 cm, find the frequencies 

Wan EREN ET la (Delhi) [202 Hz, 198 H 

di mo’ ge of a sonometer is adjusted 
paaa: y Pen rua the string is sounded iar ie pet 
re engi the vibrating portion of the string is found to be! 
She ue the trina is moved so as to lengthen the string by 1 
second are again heard. What is the frequency of the fork 2 
484 H 


85, A certain tuning fork is found to gi 
conjugation with a streched string vibrating E cate Naa a 
of either 10'2 or.9'9 kgf. Calculate the frequency of the fork. [268 Hzd. 


86. A wire having a density of 0.05 gm om~? y 
two rigid supports with a tension of 4'5 x10 Da phat ae 
the wire resonates at a frequency of 420 Hz. The next higher frequency 
at which the same wire resonates is 490 Hz. Find the length of the 

ee y S i (I. T.71) [2148 om4 
+ A sonometer wire of length 76 cm is maintained ‘und tensi 
of 40 N and an alternating current is passed through the eer "A notad 
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shoe magnét is placed with its poles above and below the wire at its 
middle point and the resulting forces set the wire in resonant vibration. 
If the density of the material of the wire is 8800 kgm™* and the diameter 
of the wire 1 mm, find the frequency of the alternating current. [50 Hz. 


33. Two wires of radii r and 2r respectively are welded together end 
to end. Tho combination is used as a sonometer wire and is kept under 
tension 7, the welded. point is midway between the two bridges. What 
would be the ratio of the number of loops formed in the wires such that 
the joint is a node when stationary vibrations are set up in the wires. 

(L T, 76) (1; 2) 

39. A uniform circular loop of string is rotating clockwise in the 
absence of gravity. The tangential speed is. to. Find the speed of the 
waves travelling on this string. [vo] 

40. Two ends of a wire are rigidly fixed to two clamps J apart. The 
cross-section of the wire is A, tension T, Young's modulus Y and the 
cooffieient of linear expansion is <. Tf the temperature of the wire is 
decreased by 0°, how many times will the frequency increase ? 


bo] 


41. Two wires are fixed ona sonometor. The tensions are in the 
ratio 8:1, the lengths in the ratio 86 : 85, tho diameters in tho ratio 
4: 1 and the densities are in the ratio 1: 2. Find the frequency of heats 
produced if the note of the higher pitch has frequency of 360 per 

i (1. T. '69) [10 per second.) 

42, If the fundamental freque: of a string 60 om long is n, whore 
would you place a bridge under the ng to produce notes of frequency », 
for one part and ty for the other, so that the intervals from n to n, und 
from my, to ty shall be the same. (Lond, Uniy,) [87'1 om from one ond.) 


48, A uniform rope of length 12 m and mass 6 kg hangs vertically 
from a rigid support. A block of mass 2 kg is attached to the froo ond of 
the rope A transverse pulse of swavelongth 0°05 m is produced nt the 
lower end of « ‘rope. What is tho wavelength of the pulse when it 


reaches the top of the rope ? a1. 7) (0'19 m], 
44. A steel wire of length 1m, mass 0'1 kg and of uniform crost- 


seotional area 107° m* is fixed nt both ends. The temperature of 
the wire is lowered by 90°C, If tho transverse waves are sot up by 
plucking the string at the middle, calculate the frequency of fundamental 
mode of vibration. Given for steel, coefficient of linear expansion 
= 1°3X 107 8/°C and Young's modulus = 2 10*? N/m*) 
[L L T, 84), (11 Hz] 

45. The ends of a string are rigidly fixed. If the temperature of the 
string falls by 10°O, calculate the change in its tension from the following 
data : 

‘Area of cross-section of the string= 0'01 om”. Ooofficient of linear 
expansion of the material of the string=16% 107°/°C. 


Young's modulus of the material of the string™ 20% 10** dyne/om?. 
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If this causes the frequency of transverse vibration of the sl 
increase to double its previous value, what was the original tens 
J. E. E. '80) [82105 dyne, 10°67 10 


TIJ.-10. (Vibration of air column) 
[A] Essay type questions : 


1, Find the possible frequencies of an air column in a close 
Show that only odd harmonics can be present, 
2. Find the possible frequencies of an air column in an open | 
Show that all harmonics, odd and even, can be present. 
| 3. Describe the nature'ot Vibration of an air column in a clos 
open tube when each emits the fundamental. 


How will the frequency of the fundamental change when one en 
an open tube is suddenly closed ? ‘ 


_ 4 Compare the modes of vibration of air colunin in open and 
tubes of the same length: 


5. We speak of wavelengths in connection with the vibration O 
air column in a closed or Open pipe. 


Explain which progressivo or stationary waves these wavelet 


help of a closed tube and a fork of know 
dry air and at 0°O? TE not, what are th i 
moisture at which the value has been determined ? 
[B] Short answer type questions : 


T. Discuss the statement that the vibrations of an air column af 
stationary vibrations, 


10, How the frequency of the fundamental be changed it t 
temperature of the tube increases ? ta 


„>11. How the frequency of a note from a pipe be changed if a w 
pipe is used ? 


12. The bugle has no valves, How then can w. different notes 
on it ?. To what notes is the bugler limited 2 Whe pone differen 

13. A tube can act like an acoustic filt 
passage through it of sound of frequenc: 
frequencies of ‘the tube.. ‘The muffler of a 


How can’ we determine the out-of 
frequency, below which frequency sound is not transmitted ? < À x 


>X 
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14. Ifa pitcher is filled with water in the dark it can be easily said 
whether the pitcher is full, by hearing the sound—Explain. 

15. Why a sharp sound is emitted when we blow through the hole 
of a key ? 

16. What will happen if one mouth of an open organ pipe is suddenly 
closed ? 

17. How will the pitch of an organ pipe be affected with change of 
humidity ? 

18. Sound emitted by an open organ pipe is more musical then that 
emitted by an organ pipe closed at one end—Explain. (H, S. '60) 

19, What is the relation in the fundamental frequencies emitted by 
an open tube and a closed tube of same length ? 

90. Draw the wave pattern set up in a resonance tube open at both 
ends when the length of the tube is equal to the wave length and dlso 
when tho length is 8/2 times the wave length. (J. E. E.) 

91. Why does an open pipe emit a note an octave higher than the 
fundamental when it is blown vigorously ? 

992, How will the frequency of fundamental emitted by an open 
organ pipe change if one open end is partially closed ? 

98. What is the ratio of the lengths of an open and & closed pipe 
when the frequencies of the fundamental emitted by them are identical ? 

24, Explain what will happen to the pitch of the fundamental, note 
emitted by an open organ pipe when air is replaced by CO: ? 

25. What is end correction ? Why it is necessary ? 


[C] Numerical problems : 

96. The air column in an open tubo emits a fundamental note of 
956 Hz. It the velocities of sound in air and in, coal gas bo 
respectively 850 ms7* and 500 ms”*, what will be the frequency of the 

fundamental and its wavelength when the tubo is filled with coal gas ? 
(366 Hz, 1°87 m.) 
97, «<A tube 100 om long and 2 om in diameter, is completely full of 
water.. A fork of frequency 510. Ha is sounding near its upper mouth 
white water is being gradually let out at the bottom. The velocity of 
sound in the air of the tube is 340 ms7*. Explain why there will be 
resonance, when the sir colamn is about 17°83 cm, 50°6 om and 836 cm 


long. 
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28. An open organ pipe has a length of 2m. Neglecting e 
corrections find the freqnency of its fundamental and first overtone 
it is (a) open, and (b) closed at one end, taking the velocity of sound 
air as 340 m/s, [85, 170 ; 42°5, 127°5 

29. Calculate the resonance frequencies of air at 25°C and 750 
of Hg in a narrow pipe one metre long and closed at one end. Rat 


iii 


80, A closed pipe, 25 cm long, resounds when full of oxygen, to a 
given tuning fork, Find the length of a closed pipe, full of hyd rogen, 
which will resound to the same tuning fork. Velocity of sound in oxy 
=320 ms7* and that in hydrogen = 1280 ms~*, (Mysore) [100 o 

31. Two narrow organ pipes of the same length, but one closed — 
the other open are sounded together. If the second overtone of the clo 


what is the end correction of the pipes ? Lc 
88. A closed brags pipe emits a note of frequency 256 at 0°C. 
will be the frequency of the note, if the temperature rises to 27” 
Oo-efficient of linear expansion of brass=1'85 X 10-® per °C, (Madurai 3 
[268H 
84. Ifthe pitch of the note emitted from a metal organ pipe is to, 
independent of temperature show that the ratio of the cubical expa 
of air to that of the metal is 2/8, 
35. A train of sound waves of amplitude 0'001 om is propagated 
® narrow pipe, and is reflected without loss of amplitude from the 0 
end. If the wavelength is 86 om what is the amplitude of vibration 
point 88 om inside the pipe? : i 
36. The shortest length of a resoniince tube closed at one end whi 
‘Tesounds to a fork of frequency 256 is 30°0 cm. ‘The corresponding Jen 
for a fork of frequency 480 is 19'0 cm. Calculate the end correction fot i 
‘the tube and the velocity of sound in air, [8'57 om, 395 ms] 
87. A tuning fork A is in resonance with an air column 39 em long 
‘And closed at one end. When the length of this air column is increased 
4 om, it is in resonance with another fork B. When A and B are sound 
‘together, they produce 8 beats per second, Pind the frequencies of 
forks, (264, 256 Hz] 
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88. Two closed pipes give 4 beats per second when sounded together 
ab 15°O. Calculate the number of beats at 40°C, Velocity of sound in: 
air at 0°O is 382 ms**, [4°2 per second.] 

39. A string 25 cm long and haying a mass of 2'5 g is under tension. 
A pipe closed at one end is 40 cm long. When the string is seb vibrating 
in its first overtone and the air in the pipe in its fundamental frequency, 
8 beats per second are heard. It is observed that decreasing the tension 
in the string the beat frequency decreases. If the speed of sound in air is 
320 ms7?, find the tension in the string. (L L T. '82) [2704 N.] 

40, When the tuning fork and a column of air are sounded together 
they produce 4 beats per second at 15°O, the fork giving the lower note. 
When the temperature falls to 10°O, 8 beats per second is produced. Find 
the frequency of the fork. [108 Hz.) 

41. A certain organ pipe at 15°C is in unison with a steel wire of 
diameter 0'50 mm vibrating transversely in its fundamental mode under a 
tension of 5 kgf, the vibrating length being 34’6 om. Describe and explain 
what will be heard if the temperature of the air in the pipe rises 20, 
other conditions remaining constant, and the pipe and the wire are 
sounded together. Density of stecl=7'8 g cm~", (London) [1 boat/s.] 

42. AB is a cylinder of length 1 m filled with a thin floxible diaphragm 
Cat the middle and the two other thin flexible diaphragms A and B at 
ends, the portion AO and BO contains hydrogen and oxygen respectively. 
The diaphragm A and B are set into vibrations of the same frequency. 
What is the minimum frequency of these vibrations for which the 
diaphragm O is a node. velocity of sound in hydrogen is 1100 ms@* and 
that in oxygen is 800 ms™*. (L. L 'T, '80) (1650 Hx} 

48, ‘The fundamental note emitted by a stretched wire vibrating 
transversely between two bridges 60 om apart is in unison with that of 
an organ pipe when the temperature is 15°0. Find approximately the 
change in length between the briges necossary to restore unison when the 
temperature of the air in the pipe rises to 80°O, the tension in the wire 

remaining unchanged. (1°57 om.) 
44, Two similar organ pipes when sounded together give 7 beats per 
second. If their lengths are in the ratio 50 to 51, calculate the 
frequencies. (Kanpur '71) (857 and 350 Hz.) 

45, An organ pipe is sounded with a tuning fork of frequency 
956 Hz. When the air in the pipe is at a temperature of 15°O, 23 beats 
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„occur in 10, the tuning fork giving the higher note. What change 
temperature is needed to’bring the pipe and the fork in unison? [579% 
46. A pop gun consists of a tube 25 cm long, closed at one end 
` cork and at the other end by a tightly filling piston. The piston is pi 
slowly. When the pressure has risen to’ 1'5 atmospheres the & 
violently blown out. Calculate the frequency of the ‘pop’ caused by 
ejection, Velocity of sound in air is 340 ms™*. [S 10 H 
47. A long cylindrical tube is being filled up by water at a. unifor 
rate from a tap. An observer found that a tuning fork of frequency: í 
ds producing resonance with the air column in the tube after every 10 
second. Öalculate the volume in cm? of the water supplied per second, 
‘The radius of the tube=10 om and the velocity of sound= 330 
hi ii (J. E. E. 76) L172'7.cmêsT 
48. A string 25 cm long and having a mass of 2'5 g is under te 
A pipe closed at one end is 40 cm long. When the string is set vibrai 
än its first overtone and the air in the pipe in its fundamental frequ 
B boats per second are heard, It is observed that decreasing the -ti 
in the string decreases the beat frequency. Ifthe speed of sound the 
820 ms“*, find the tension in the string, . (I. I, T. °82) [27x10 d 
49. An organ pipe open at both ends, 2'5 ft long, produces 5 
per second with a similar pipe slightly shorter in length and the 
number of beats wilh a tuning fork at 0°C. Calculate the numb 
bests produced by the shorter pipe with the tuning fork at 22°O. Velod 
of sound at °C is 1100 ft s™* and at 32°0 it is 1144 ft s-?. (9! 
50, A tube closed at one end is “closed at the other end by! 
vibrating diaphragm which may be assumed to be a displacement node. | It 
is found that when the frequency of the diaphragm is 2000 Ha, i 
stationary wave pattern is set up in the tube and the distance bet n 
ea is then 8 om. When the frequency is gradually reduced 
‘the stationary wave pattern disappears but another stationary wave 
pattern reappears at a frequency of 1600 Hz. Calculate (i) the speed of 
sound in air, (ii) the distance between adjacent nodes at a frequency of 
1600 Hz, (iii) the length of the tube between the diaphragin and! 
closed end, (iv) the next lower frequency at which a stationary wave. 
pattern will be obtained. _ [320 ms“*, 10 cm, 40 em, 1200 Bz) 
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IV-1 


HEAT AND TEMPERATURE : 
RECAPITULATION 


IV-1. Heat. We derive the sensations of warmth and cold 
through our sense of touch, When a vessel containing cold water is 
placed over a fire, it becomes warm, then hot and finally begins to 
boil, The external agent which turns a cold body hot is called heat. 
When a body is heated we say that heat has been added to it. 

All bodies contain heat. However cold a body is, it contains 
some heat, Water ina lake, pond or river is colder than boiling 
water ; ice is colder than wates in a lake, If ice is added to water 
in a tumbler it melts. The water becomes colder than before, but 
remains warmer than ice, We explain it by saying that some heat 
has “passed from the water into the ice and melted and warmed 
it. The water in the tumbler, which was colder than boiling water 
undoubtedly contained heat, S 

Even ice contains heat, Liquid air is much colder than ice, 
When a vessel containing liquid air is placed over ice, liquid air 
boils like water over a fire, Heat passes from ice into the liquid 
air, 

The same agent ‘heat’ is responsible for both the sensations 
of heat and cold. When heat enters our body from the object 
touched, we feel the sensation of warmth, When heat leaves our 
body, we feel the sensation of cold. Faster the heat enters our 
body from an object hotter it appears. Faster the heat leaves, 
cooler the object appears to the touch, 

1v-2. Temperature. We have said that all bodies contain heat. 
Our sensation of warmth or cold does not depend on the total 
amount of heat that a body contains, When a quantity of cold 
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water is poured into a vessel containing hot water, the total amount 
of heat in the water of the vessel is larger than before, but the 
water appears colder than it was, 
If the sensation of warmth is not to depend on the total quantity 
of heat in a body, it, must depend on some other factor. This factor 
is called temperature. In trying to define temperature. we observe 
that when two bodies are keptin contact. heat may pass from 
one body into the other. One of the bodies gets colder and the 
other warmer. The former loses heat to the latter. This behaviour 
of bodies helps us in defining temperature, As an elementary defini- 
tion we may say— ; 
4 


The. temperature ¿of a substance is a number which expresses 
its degree of hotness on some chosen scale. 


"Heat flows from a body at ashigher temperature to one ata 
lowef temperature. When the temperature is the same for two 
“bodies heat ceases to flow from one to the’ other. ( Compere ‘the 
flow of water between two levels ). 

If we take a cupful of water out of a bath tub, the water in the 
E cap has the same temperature as that in the tub, But as the tub 


on may contain a thousand cupfuls of water, the total heat in the tub 
is much greater em that in the cup, à 


Iv-3, Difference between heat and temperature. The points 
‘of difference between heat and temperature may be stated 4 
follows: 


(i) Heat is a form of energy. Temperature is a thermal state 
which determines “the direction in’ which heat will flow. Heat 
always flows frém a body ata i temperature to a body at a 
lower temperature, 

(ii) Temperature is not determined by the amount of el 
in a'bödy. ( Consider a bucketful of water, aad a cupful taken out — 
of it. Both have the same temperature; but the water in the 
bucket contains many times the heat contained in the cup. ) 
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“iii If equal amounts of heat are added to different bodies, 
their temperature rise, in general, will be different, 

(iv] Temperature may be compared with the water level in'a 
vessel and heat with the amount of water in it, Addition of heat 
raises the temperature just as addition of water raises the water level, 
When two’ vessels with different water levels are connected together, 
water flows from the one having the higher level to the one having 
the lower level, The amount of water ineither vessel does not 
determine the direction of flow. 

Strictly speaking, it is not proper to speak of the heat in a body’ 
Later we shall learn that ‘heat is energy in transit due to te: ture 
difference’, The amount of heat we can get from a body depends on 
the t temperature of the other body in contact, 

j Different forms, of Heat: , We recognise three forms namely— 
Sensible, Latent and Radiant Heat, y When on heating a body its 
temperature changes but not its state ‘of aggregation, the heat'is 
said l to, be sensible i.e, directly perceptible to the senses of (ouch, 

‘When addition of heat changes the state of aggregation i.e. 
solid to liquid or that to gas, heat is said to be Jarent i e, hidden ; 
for then the rempereiure does not change aud the effect of heat is not 
recognised by sense of touch... eran, 

Heat is found to’ flow without the presence of any medium, 
without contact across vast distances, ¢,g,' from the sun to all 
the Planets, in the form of electromagnetic waves as light docs, 
This is the radiant form of heat, . 

IV-4. Effects of heat. Heat raises temperature; the other 
changes are direct effects of the rise of temperature, Almost all 
physical propertics are affected more or less by heat, It. can 
also bring about chemical changes. Most chemical actions take 
place faster at higher temperatures, This also applies to; life 
processes; but life cannot continue at high temperatures, In the 
study of heat, temperature is the most fundamental quantity, It is 
in fact the fourth fundamental indefinable ‘in addition to those, 
mass, length and time (See + O-1.5) 

Priaciples of Mekane ; : As indicated aboye temperature 


A a 
cannot be directly measured ; we measure only the temperature: 
difference in terms of (i) a temperature scale and (ii) changes i in q 


other properties namley, Y 
(1) change in length of a solid in the form of a coiled © 
filament ; A.. 
(2) change in volume of a liquid) or gas under constant 
pressure in a glass container R 
(3) change in pressure of a gas or vapour of constant volume ‘ad 
(4) change of electrical resistance of a metallic wire j oN 
(5) change of thermo-emf ofa thermocouple of a pair of 
dissimilar metals nal 


(6) per of magnetic susceptibility of cortain metallic salts. 


heat when temperature changes. Any of these property-changes can be 
also related with rise in temperature by definite mathematical relations. The 
relations can be listed as follows :— 


L,=Lo\tai)) V, =P, (1+7), Pj=P, (1+), R,=R,(1 an j 


E=at-+bt?, X„T=Const. 
J qu! ie 


where L,, V,, P, R, tefer to length, volumen pressure and resistance ata ` 

_ temperatures above absolute zero, 4, Y, 7, and  , constants peculiar tothe — 
substances used ; Æ is the emf developed, @ b constants peculiar to materials 
used, x the magnetic susceptibility. lla 


Any of these properties can be used as a thermometric property 
and the substance as ¢hermometric substance, However we’ 
concentrate on /iquid-in-glass thermometry where a liquid is the 
thermometric substance and increase in volume with temperature, 
the thermometric property, Whenever occasion arises we shall 
briefly touch upon the other forms of thermometers, 1 

IV-5. Thermometers. A thermometer is a device for measur 
ing temperature, To measure a temperature we fix upon some 
property of a substance which changes Tegularly with change in al 
temperature, 7 


The most common form of thermometer is the mercury-in-glass 


TEMPERATURE 5 
thermometer, Mercury is the thermometric substance. Expansion’ 
of mercury with temperature is the thermometric property we use 
for measuring temperature. Its expansion with rise in ‘temperature 
is fairly large, Strictly speaking it is the difference of expansion 
between mercury and its glass container that we utilize; We may 
thetefore, say that in a mercury thermometer, the change in length 
of the mercury column in the glass tube is the thermometric 
property, for the cross-section is taken to remain constant, 

Some other liquids notably alcohol are used as thermometric 
substances, For low temperature measurements pentane is used 
where both mercury (F.P, -39°C ) and alcohol (F.P, E. (i ) 
cannot be used, | 


Properties desirable for a Thermometric liquid :— 


(i) Long Range: The liquid should haye a low enough 
freezing point and high enough boiling point so that a large 
temperature range may be measured. High boiling point ensures 
a low vapour pressure, a desirable property, 5 


(ii) It should have Jow specifie thermol capacity such that in 
rising through a given temperature range it absorbs at litle heat as 
possible from the body in touch, " 

(iii) It should have high heat conductivity so that conduction 
and consequent temperature rise may be fast, 

(iv) it must have large coefficient of volume expunsion so that 
for a small temp rise there is an appreciable expansion of it, Also 
that the’ expansion is regular i.e. uniform. 

(v) The liquid should be opcque as to be easily visible through 
glass, should be easily ayailable in the pure state and cheap. 

_ (vi) It should have low vapour pressure. 

Mercury fulfills most of these requirements but it has high 
density which makes its thermal capacity per unit volume and 
hydrostatic pressure exerted in the bulb large, So it absorbs 
appreciable amount of heat when the thermometer bulb (as in 
sensitive thermometers ) is large and inflates the bulb when the 
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thermometer is held vertical ( recall p=hpg and Pascal’s law Ve 
Further, as mercury does not wet glass ig moves jerkily ie. not 
uniformly and mercury is not cheap, now-a-days. 
Its alternative, alcohol has a lower F, P; but also a lower B, P, 
_ So its vapour peressure is large, Its density is low but so is its 
couductivity. Its expansivity is larger so is its specific heat capacity, 
It is cheaper but transparent ( so needs to be coloured ). It wets 
glass and hence moves smoothly but sluggishly. 


Mercury thermometer. Description. In view of the above points 
p mercury is the most widely used liquid-in-glass 
thermometers, 

Tt consists of a (i) thin walled large bulb (A) 
attached toa (ii) thick walled fine capillary with a 
(iii) smaller closed bulb (C) at the top (fig, IV-1.1). 
The bulb and some length of the capillary is full 
of mercury. The large bulb accomodates a greater 
quantity of it so as to allow a greater volume 
expansion ; its wall is thin to allow quick passage 
of heat, The capillary is thin to allow a change 
in volume of mercury appear as a large change 
in length. Tts thick wall gives mechanical strength 
and inhibits loss of heat from the capillary. The 
Small bulb at the top is a proiective device to 
guard against accidental Overheating; if that 
occurs mercury may shoot up beyond the top of 


the capillary and break it open; but with the bulb present, 
mercury flows into it and does not press up to the top. 


Fig. IV-1,1 


IV-6. Scales of temperature, 


1ce and the boilling poiot of pure water, both at a pressure 


The former is called the ice-point 
In Preparing a temperature scale, 
n arbitrary values, ‘The most used 


and the latter, the steam point, 
these two tempearatures are give: 
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temperature scale is the centigrade scale. In it, the ice point is 
given the value of 0°C and, the steam point, the value of 100°C, 
The temperature interval between these two fixed polnts is called 
the fundamental interval. In the centigrade scale the fundamental 
interval is divided into 100 equal parts, called degrees, The scale is 
extended above and below thetwo fixed points. Temperatures below 
OC ( the ice-point ) are marked negative, such as, — 1°C. — 20°C, 
etc. 


In 1948, the International Organization for Standards 
directed the use of the word ‘Celsius’ for ‘centigrade’ in honour 
of Anders Celslus, á Swede, the inventor of the scale in1742. The 
symbol for a degree on this scale continues to be °C, but we now 
call it ‘degree celsius’, 


On.the Fahrenheit scale, the ice point is given the value of 32°F 
and the steam point, the value 212°F, The 
fundamental interval is thus divided into 180 
equal parts or degrees, Since a difference 
of 180 fahrenheit degrees equals a difference .” 
of 100 celsius degrees, we have (fig, I'V-1,2) 


1 fahrenheit degreem == celsius degree, 


IV-7. How to express a value of tem- 
perature anda difference of two temperatures 
in symbols. Waat will you understand when 
we write 20°C or 20°F 7 Obviously, it means 
a temperature of 20°C or 20°F, But how 
shall we express a difference of temperature 
of 40°C—20°C=20 celsius degrees, ‘in 
symbols? Many authors prefer to indicate J 
the difference as 20 celsius degrees or 200°, 
putting the degree mark after the symbol C. 
{ Similarly, 20 fahrenheit degrees or 20F°. ) 
Unless we use the word ‘difference’, it is better to write 20C° 


femme 180 degrees Fahrepheit aw 


Fig, 1V-12 
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or20C deg, There is, however, no uniformity of writing in this 


regard. But the point is worth remembering. 

IV-8. Conversion from celsius to faherehelt 
reading and vice versa. Suppose a temperature 
reads ¢ on the celsius scale and f on the fathrenheit 
scale, f is (f—32) F° away from the ice-point (0°C), 

d 5 o 
Since 1 Fe-5.C’, (f-32)E = -5 (S-33) C 

Hence ¢ is § ( f— 32 ) celsius degrees away from 
the ice-point. 

5 2 64132, (Iv-1.6.1 
oe cm 5( f—32 jand fo c+ (IV-1,6.1) 
Though India uses the celsius scale, our clinical 

or Doctor’s thermometers were being graduated 


in fahrenheit degrees. Recently, however, we have 
changed over to the celsius degree. The normal 


body temperature is taken as 37°C or 97.4°F. 


Fig. IV-13 | (See fig IV-1,3). Note the small range of gradua- 


tions. Human lifé cannot servive for 
long above or below these limits and 
hence graduations beyond is unnecessary. 

Temperature scales and Inter conver- 
sions. Apart from celsius and fahren- 
heit scales you know the Kelvin or 
absolute scale, Rankine scale used by 
engincers in the U.S.A may be taken 
as the fahrenheit counterpart of the 
kelvin scale, On it the abolute zero 
comes out to be—459.7°F and each of 
its degree rise corresponds to 1°F, ; 

The temperature difference between 
freezing and boilng points of pure water 
under standard atmospheric pressure is 
said to be the Fundamental Interval. 


Remember whatever the scale of temp considered 


fee—— 100 DEGREE CENTIGRADE —= 


t| OP. 


F.P. 


Fig. IV-1,4 
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“Temp Reading—Lower fixed point ; 
————._ is constant. 
Fundamental Interval estan 


‘The ratio 


Hence we shall have for the any scale of temp 

C-O _ F-32. _ K-273 _ R-492 ._ ZEP, 

100-0 212-32 3/3213 672—492 B.P—F.P, 
where Z represents temp on any arbitrary scale ( including) the 
so-called faulty thermometers ) whereas B. P, the boiling temp and 
F.P. the freezing point of pure water under standard atmospheric 
pressure, Mention of pressure is a must, forremember that a change 
of pressure by lcm of mercury changes boiling point of water by 
about) 0-27°C. Fig IV-1,4 seeks to correlate the inter-relations 
between the different temp scales, The following worked out 
problems would clarify the method, 

Examples IV-1.1. The freezing point is marked 20° on a 
thermometer and the boiling point 150°. What reading would it give 
for a temp of 45°C ? [ Tripura H. 8, ’81 } 

Solution: Let Z be the required reading. Then 

Z-20 _C-0 . Z-20_ 45 atl a B ss, 
Io- 000 o ao I0 or Z=20+45 x 1°3=78'5", 

Ex, IV-1. 2. The upper and lower fixed points of a thermometer 
are marked..140° and 20° respectively. What would it read for a 
temp of 92°F 2 

Solution: Let Zbe the required reading. Then 

Z-20 92-32 Z-20_ 60 or Z=60°F 


Ja0=20 212-32" 120 J80 
Ex. IV-4. 3. A faulty thermometer reads 1° in melting ice and 
96° under normal atmospheric pressure. Find the correct temp 
when it reads 39°, both in centigrade and Fahrenheit scales, the bore 
of the thread and graduations being uniform. * [ Dac, U } 
Solution: Let C and F be the required readings. Then 


C-0 _F-32 _39-1) 


100-0 112-32 96-1 
Or, C_=-38 , F-32__38_., C=40° and F=104" 
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IV-1.9 Modern ideas about heat and temperature. What we 
have said so farabout heat and temperature is rather old story. 
Our modern views of these quanties are somewhat different, 

Heat is now defined as energy in transit from one place to 
another due.to difference. of temperature between _ the places. 
Temperature is no longer a scale, but is a fundamental physical 
quantity like Length or Mass, Just as the metre is the unit of 
length or the Kilogram the unit of mass, the Kelvin (symbol K ) 
is the unit of temperature. It is defined as 1273-16 Fraction of the 
temperature difference between the absolute zero and the triple point 
of water. Triple point of water isthe temperature at which ice, 
water and water vapour can coexist. It is taken to be O'l K 
above the normal melting point of ice, 

We no longer speak of absolute temperature as degree Kelvin 

` CK). Itis merely Kelvin (K). The degree sign has been dropped. 
We do not even speak of an absolute scale of temperature, but 
only of temperature in Kelvin, We of course use the celsius scale for 
convenience, But the proper recognized scale is the International 
Practical Temperature Scale, Unfortunately, we cannot go into 
it here. We cannot here go into a more detailed discussion of the 
modern concepts, They will come up in due course, 


{V-110. More about Thermometers and Temperature : 


A. Sensitive thermometer: Smaller the temp difference a 


thermometer can detect more Sensitive it is said to be. To achieve 
that a large expansion for a Small temperature rise is required. 
Hence for a sensitive thermometer 

(i) the bore of the capillary must be fine 


(ii) the’ thermometric Substance must 


have a large coefficient 
of volume expansion, 4 


ii) the amount of liquid i. €. the volum 


eof the bulb should 
be large, 


B. Past recording thermometer: Such oneshould be indicat- 


ing the required temperature in the sh ime, 
h t 
Shortes possible time, To 


—-- a 


—_— aT 
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(i) Amount of liquid and so the bulb should be small. 

(ii) Capillary should be wider. t 

(iii) Conductivity. and specific heat capacity per unit volume 
of the liquid should be respectively high and low, 


So the requirements for the two Aand B are contradictory, 


C. Six’s thermometer : This'iS a device by which the maximum and 


minimum temperatures attained during a day can be recorded, Jt utilises both 
mercury and alcohol and is widely used in Meteorological observatories. 
Description, The bulb of the thermometers 


B (Fig IV-1.5) is at the end ofa long capillary 
U tube which carries a smaller bulb D at the 
other end. The bulb B and part of the stem ; 
down to A are filled with alcohol. This is the 
real thermometric-part of the instrument. A 
column of mercury extends from A toC in the 
stem. It actsas anindex, Above C the stem 
contains alchohol which also fills part of D, 
the rest of which contains alchohol vapour, 
providing room for expansion of the liquid, 
Above the mercury thread in cach limb rests 
a smal! steel duwb-bell I; and Ig carrying a 
light spring each pressing against the inner 
wall, t 

Action: As temp falls, alcohol in B 


contracts, Pressure of alcohol vapour in D 
pushes the mercury column up the left hand 
limb, along with the steel pointer Ig. As 
temperature rises, alcohol in B expands and. Fig, 1V-1.5 

pushes down the merchury column leaving the 

steel pointer held in position by its spring. Its lower end records the minimum 
temp attained, 


As alcohol expands in B it pushes up the mercury column in the right hand 
limb along with its steel index Ij. Its lower end records thus the maximum 
temp attained. c 

To set the thermometer afresh the steel indices are brought down to the 
mercury tops by a magnet, 

D. Range of Temp: You know that Nature has puta lower 
limit to the temp possible which is the absolute zero, today 
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recognised as 0, Nothing in the universe can be lower than this 
(—273°C) temperature, 

There seems to be no upper limitto high temperature, The 
temp of the solar surface is estimated at about 6000°C, In its 
interior the temp, is believed to be about 20 million deg C. The 
core of a bursting nuclear bomb or hydrogen bomb may attain a` 
temperature of a few million deg for a while, while the interior of 
the hottest stars may be at hundreds of millions of degrees. We 
know nothing hotter than this but a precise measurement is quite 
Out of question. We append below some melting points and 
liquefaction points under std. atmospheric pressure in the celsius 


scale. 


Material | Melting Point | Gases Liquifies at 
SOE SEN D P aes 
=78' | Steam 100° 
—39° j NH3 34". 
—17° | NOg 34°. 
| so, Te N 
0° | Oxygen —183° 
232° Nitrogen —196° 
330° | | Hydrogen | —253° 
960° | | Helium —269° 
1063" | 
1083° | 
1545° | 
Wor | 


Ranges; 
Thermometer Subs 
tance 

ee Property Range (in °C) 
L Bimetallic ‘Solid flamem Gp POURS rape re eye 

2 Lei = metals ielative Expansion 4 to 500 

i 7 (a) Mercur: na 

‘: glass (1V-3) ®) Alcohol. ansion in Vol. | —38 to 350 
Presure V8 liquid, Ot Olatile | Vapour Pressure A 
+ as Er- Hydr y 

mometer | elie Increase in Press| —260 to 1600 
(a) Const. Vol » Vol 
nat. Pres * —183 to 600 

5 BY) 

. Resistance i 
Vol J1. (Iy-) | Platinum Increase in Resis- | —200 to 1200 
x Ocouple! pi ance 

e | RE eta a0 
Retin ‘ungste. cri 

( ae: Wire 2 Change in bright- | g00 up to any 

manta Stefan’ Tess value 
Paramagnetic salt Wis ae Below 


A 3400 | 


E. Summary of Thermometric Principles, 


bility (Curie’s Law) 


Substances and 
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CALORIMETRY 


TV-2.1. Heat is a measurable Quantity 


In the foregoing chapter we have learnt how to measure 
Temperature; in this we seek to measure the other fundamental 
quantity, Heat. In the early days, heat was wrongly identified 
with a fluid called Caloric which was supposed to be in every type 
of matter ; whichon addition was supposed to raise the temperature 
of a body and on. extraction, lower the same, Measurement of 
caloric was named Calorimetry. 

Heat is now-a-days defined as the energy transferred from one 
body to another because of temp difference, This provides the 
basic principle of Calorimetry—When a hot body is brought in 
intimate contact with a cooler body, provided no heat enters or leaves 
the closed system, heat lost by the hot body is equal to that gained 
by-the cold body. Flow of heat stops when the two reaches the same 
temperature just as-flow of liquid from a higher to a lower level 
stops when the liquid attains the same level. In the former, thermal 
eqilibrium, in the latter, mechanical equilibrium is reached when 
the flow stops, To know this equilibrium temperature is the quest 
of al! calorimetric measurements and can be reached from the 
knowledge of thermal properties of the bodies involved, 

IV-2. 2. Units of heat. Before we can measure a quantity we 
require a unit, The unit of heat is defined as the quantity of heat 
required to raise the temperature of unit mass of water by unity. 
This gave rise to three different units, yiz, 

(i) the calorie, which is the unit of heat in the cgs system, 

It is the quantity of heat required to raise the temperature 
of one gram of water by one degree celsius. A kilocaloric 
(also called a large calorie) is 1000 calories, 

(ii) the British thermal unit ( abbreviated Btu), which is the 
unit of heat in the fps system, It is defined as the heat 
required to raise the temperature of one pound of water by 
one degree fahrenheit. 
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A commercial unit of heat is the therm. 
1 therm=100,000 or 105 Btu 


(iii) the pound degree-centigrade unit or centigrade heat unip 
(abbreviated CHU), a hybrid unit which raises the, 
temperature of one pound of water by 1°C. 

(iv) the Joule is the unit of heat in the SI or MKS system. It 

is the same as the unit of work or energy in that system. 

It is clear from the definitions that the heat required to raise 
m grams of water through rC is mxt calories, while H calories- 
will raise the temperature of m grams of water by skt. We are 
thus led to the following relations between the units : 

1Btu = 1 lbx1i°F = 453.6gx 5°C = 252 calories ; 

LIbC = 11bx1°C = 453.6gx1°C = 453.6 calories. 

1 Joule = 0,24 cal, 

With improvement in the accuracy of measurement, we 
gradually came to know that water does not require the same 
quantity of heat (minimum at 37°C) foraone degree rise at different 
temperatures. So, in defining the heat units it became necessary to 
State at what temperature this rise should take place, The present 
calorie (symbol, cal) was defined as : i 
~ The calorie is the quantity of heat required to raise the tempera- 
ture of one gram of pure water from 14'5° C to 15°5° C under a 
pressure of one atmosphere. It is called the 15°-calorie. i 

West Germany has passed a law ( 1970) to the effect that the 


A joule (J) should be used ins- 
x 
S +, 4220 tead of the calorie even for 
va . 
F 2 4200 domestic purposes—such as 
v Š in stating the calorific value 
F 5 4180 
g=: of food or fuel. 
8 273 293 313 333 363 373k F 

L oe We shall presently leara 
; Fig. IV-2.1 that specific heat capacity or 


; Specific heat (as called for- 
merly ) of water is the energy required to raise unit mass of it 
through unit rise in temp. In fact a calorie or a Btu is that. The 
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15°-cal is equal to 4'1855 J as told above, but at ‘other tempera- 
tures the value is different as shown in fig. IV-2,1. where values. 
along the ordinate gives JKg-*K-1 i.e, joules required to raise 1 
kg. of water through 1 K°, plotted against temp in K, 


IV-2.3. Specific heat. The specific heat is the quantity of heat 
required to raise the temperature of unit mass of a substance by 
one degree, In the cgs system, the specific heat of a substance, is 
the heat in calories required to raise the temperature of 1 gram of 
the substance through 1°C. The unit in which to express specific 
heat is calories per gram per°C, In symbols, we write it as cal/g 
°C or cal gt °C-1, For ‘cal’, you may find J in some books, 


The term specific heat capacity, is now preferred to the old term 
‘specific heat’, 

We shall generally use cgs units, From the definition of specific 
heat it follows that if s be the specific heat of a ‘Substance, heat 
required to change the temp, of 1 gm of a substance by 1°Cis s 
calories ; heat required to change the temp, of m gm of a substance 

i by 1°C, = ms calories ; 
Heat (Q) required to change the temp, of m gm ‘ofa Substance 
f by 1°C = mst calories ; 
In symbols, Q = mst (IV-2.3,1 yi 


Heat gained=mass X specific heat x temperature rise, 
Heat lost mass X specific heat x temperature fall. 


Eg. IV-2.8.1. is the fundamental equation in calorimetry, 


We may arrive at the same result more elegantly from experi- 
mental results as follows, which provides a definition of sp. heat 
capacity also, Let Q be the amount of heat supplied toa mass m 
ofa substance to raise its temperature by z, tay. from experiments 
we find that 

(1) Q œ m when rise of temp tis const 

D Qet when mass m remains constant, 

ie. for (1) you take different masses of a given material and 
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heat them through same temp rise ; for (2) you take a given mass 
of the given material and heat it through diflerent temp intervals, 
Combining the two we get by theorem of Joint Variation, 

H ce mt when both m and t vary, 

.. H=s.m.twheres is the constant of propertionality, a 
const for a given material, called the specific heat capacity. So 
s = Hjmti.e. cal/g/C° or Joules/kg/K—heat required to raise unit 
mass through unit temp difference. 


Remember, specific heat ( capacity ) of water in cgs system is 
cal/gm/C®, in SI system 4185 J/kg/K. 

These relationships also apply to the other units, Thusif s is 
the specific heat given as a number, Q will be in Btu if m is in 1b, 
and? in °F, When m is in lb and ¢ is in °C, Q will be in centigrade 
heat units (lb °C ). 


Tabie ; Specific heats ( in calories per gram per °C ) 


| Sh 
Substance | Sp. heat | Substance | Sp. heat | Substance Sp. heat 


Aluminium 0'210 Nickel 0'109 | Gi: '12—:; 
Conper 0091 | Platinum | 0032 | Ice 0302 
ol 0'030 Silver 0'056 Marble 0'22 
0105 Tin 0'054 Castor oil 0'508 
R 0030 Zinc 0092 | Olive oil -047 
0:033 Brass 0:088 Turpentine 0'42 


Example IV-2.1. Ifthe specfic heat of iron is 0.1 cal/g'C how much 
heat will 100g of iron require to be heated from 30°C to 100°C ? 
Solution; From equation IV-2,3.1 we have 
heat gained=ma3s x sp. heat x temp, rise 


cal 
100g Se x (100—30)"C=700 cal, 


Ex. IV-2,2, Express a specfic heat of 0.1 calfe°C in i 
Solution ; Let 0.1 cal g-1 °C-1=x Btu 1b-1 pa 


Then x=0,1 £8! „lb „°F 
Soe SE XG 


=01x L 5 
O.1 x 555 X 453.6 $=01 
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N. B. In the same way you can show that this specific heat is also equal 
to 0.1 C.H.U/ib°C. See the example on p.13 in the Chapter 0-1. However the! 
equality does not hold in the SI system. There the above value 0.1 will be 
418.5 JKg-1K-1, 

Ex. IV-2.8. A Kg of water is heated from 30°C to 100°C and 300 Ib of, 
water from 92°F to 212°F, Which one requires more heat ? { H.S. 65 ] 

Solution: Heat required in (1)=103 x 1x (100—30)=30 Kcal 

in (2)=3x1(212-92)=360.Btu 
=360 x 252=90, 720 Cal 
=90.72 Kcal. 
Hence more heats required in the second case 

Ex. IV-2.4, Ifthe sp. heat of ice is 0.5 cal/g °C how much heat'will 4 
‘kg of ice give up in cooling from 0°C to 10°C— 10°C ? 

Solution : Since heat lost=mass x sp. heat x fall in temp., we have 


heat lost=4000 g x .0S—— is 10°C=20 K cal. 


Ex. IV-2,5. In cooling from 100°C to 20°C a mass of 50 g of brass gives 


up 360 calories of heat. Find the specific beat of brass. 
Solution : Ifs is the required specific heat we have- from relation IV-3,2; 1. 


360 cal=50 gx 80°Cxs 


360 _cal cal 
9—5 
5 50x80" jee piir #C 


IV-2.4. Experiment 
to show difference in 
specific heats’ That 
different substances differ 
in the values of their 
specific heats may be 


lead glass zinc ‘brass ifon 


demonstrated by | a te Saratfin Ọ 2 
simple experiment. Take an 

a number of spherical \ ©/ 
balls of different mate- Ts iie 
ials but of ‘the 

rials ‘bu same Pig, W-22 


mass, Heat them’ toge- 

ther in boling water and piace them on a thick sheet’ of 

paraffin, It will be seen that different balls penetrate to different 
2 
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depths within the wax, The reason lies in the difference in the 
heats given out by the balls in cooling from. the temperature of 
boiling water’ tov melting wax. The bail that gives up more heat 
melts more wax and penetrates deeper, Heat given out by any of 
them ‘is equal’ to its mass x specic heat x fall in temperature, 

Since the mass and the fall in'temperature are the same fer all, 

their specifie heats must be different. y 

Fig 1V-2,2' “shows the state of affairs, clearly glass a non- 
metal and lead a metal has low specific en capacities whereas 
iron has the most, That would be borne out from the above 
table also. 

Effects of high specific heat of Water 3 3 In all but the SI system 
water ¿has the, specific heat of unity. The;table and worked out 
sums above show that is the highest possible value, much higher 
than most, 

So'to raise some quantity of water through 1° rise much greater 
amount of heat than others:is necessary } also for a drop of 1° in 
temp much more heat than others is released, So it can act as a 
sort of heat bank, a good coolant as well as a good heater, Hence 
its usein cooling motor car radiators and steam engines as in hot 
water bags to revive a sinking Patient or room heaters in, cold 
countries, 1 

This large specific heat of water helps Ps mitigating large daily 

and seasonal variations of temperatures in islands and. sea-shores 
se bos up less slowly than land and also cools less slowly, 
ot haya iva: andsea breezes maintaining the equability í 
pertistion OA aie akri aig the winter tig earth is at 
ad E Ta Pa z NR = sun ) and. receives more heat 
sun in winter is overhead the san O. Kae 
oceans. Hence over-all rise in t Ay PAA agama 
have happened for land. Marine tis 5i S daeh Jai han, wong 
this small temp variation and lar, eae penelited greatly) by 

ge store of heatin the seas and 
oceans, 
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The same characteristic makes water an undesirable calorimetric 
liquid, f 

1V-2.4, Thermal capacity (or heat capacity) and water- 
equivalent. The thermal capacity of a body is the heat required 
lo raise the temperature of the body by 1°C.. If m be the mass of 
the body in grams and s the specific heat of its material (in eal/e°C) 
it requires’ Q—=mSst calories for a rise of °C. Thin its heat 
capacity C=heat’ required ‘for 1C* rise’ of ‘temperature=O/t=ms 
calories. In symbols, ‘we that have 

C=ms calfPC — ( IV-2'4.2) 

It ‘iS clear from the above that specific heat (s) or, specific 
heat capacity is the thermal (or heat) capacity of unit mass, 

Water equivalent of a body is.the mass of water in. grams which 
will. be heated through TC by the heat that raises the temperature 
of the body itself by. VC, If m ‘is the mass of the body in gm 
and s its speclfic heat, ‘the body requires Me calories in order that 
it may be heated through re, Since 1 calorie heats 1 g of water 
by TC, P calories will heat ms grams of water by 1°C. Therefore, 
the water equivalent W of the body is ms grams, 

Weems grams PNO) -aA 00» ( TV+2,4,2) 

From ‘equations'IV-2.4,1, and IV-2.412% we see thatthe numeri- 
cal values’ of the thermal-capacity and the water equivalent of a 
body are the same, ‘but-they are expressed in different units. 

When the water equivalent W of a’bodyis known) it follows 
from the definition of this quantity that thé heat Q which the body | 
se for a rise of 1°C is pijini tt 

i roo Q=Wi E (IV-2.4:2) 
since the specific heat of water is unity. | 

[The use of the term ‘water equivalen? is no longer sii ai 
The term ‘heat capacity’ is used instead ] 

Ex. IV-2.6, Two substances have densities in the ratio 2 :3and 
their specific heats respectively 0.12 and 0.09. compare the thermal 
capacities of:theit unit:volumes. < ) )(6.0./LSe., HS. 88] 
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msy Pi 2 01228 
Sohition $ mE Pi 3 009 9° 


Thermal capacity of a body is ms and we take same volume 
of them, j 


Problem: Sp. gr. of a certain liquid A is 0,8 and that of 
another; B, is 0.5. It is found that heat capacity of 1.5 litres of A 
equals that of 1 litre of B, compare their specific heats. 


(Ans : 5: 12) [Pat U.] 

Ex. IV-2.7. Equal volumes of mercury and glass have the same 
heat capacity ( a plus pt, for mecury in glass thermometers), Find 
the sp. heat of a piece of glass of sp. gr 2.5 if the specific heat and 
sp, gr for mercury is 0,0333 and 13,6 respectively. (Pat. U.] 


Solution : Masses of y cc of glass and mercury are 2,5 vg and 
13.6 yg. From given condition we have é 


VX 2,5 x seeV x 13.6 x 0,0333 or s=0.181. 

Rx, IV-2.8. An iron saucepan contains 100g of water at 25°C, 
50g of water at 60°C is poured into it; the final temp attained is 
35°C. Assuming no loss of heat find the water equivalent of the 
saucepan and sp, heat of iron if its mass is 233g. [ H. 8.60 ] 


Solution: Let W be the requi , 
the relation Heat lostesHeat Aai pit equivalent, Then from 


50x 1 x (60 —35)=(100-+ W) (35425) or W= 25g. 

Since again water equiyes Thermal capa- 
city and sp. heateThermal capacity of unit 
mass we have s=W/m=95/238=0.105 
cal/g/’C, 

IV-2.5. The fundamental principle of 
calorimetry. In most experiments on calori- 
metry bodies at different temperatures are 
brought into intimate contact inside a- calori- 
meter, It isa cylindrical copper » vessel (Fig. 
Fig. 1V-23 IV-2.3 ) containing a liquid and a stirrer for 

stirring the liquid. Heat flows from the 
hotter to the colder bodies until all of them reach a common or 


© A material of high heat couductivity and low specific heat capacity. 
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equilibrium temperature. The method is known us the method of 
Li We assume that (1) no heat enters ‘of leaves the calorimeter 
after the bodies have been brought into contact (2) no’ chemical 
‘action ‘takes place’ between the bodies or with the calorimeter, 
(3) nor does the solid dissolve. Then, from the principle of 
conservation of energy, we may say’that 
Heat lost by the warmer bodies=heat gained by the colder 
bodies, l3 J 

This' is the fundamental principle of calorimetry. Note the 
conditions to be fulfilled.» 

Precautions. No heat is to enter or leave the calorimeter. 
Thecalorimeter must be so designed as to eliminate loss or gain of 
heat by: conduction; convection and radiation. 


A. Precautions in design, The calorimeter must be of a highly 
conducting material so’as tö achieve equality of temp ‘ll through 
and quickly, To minimize heat loss 
by conduction the calorimeter is 
placed on a thermal insulator, such as 


cork onfelt. It is better however to an 44 
support it on spikes of cork (( fig. | ha 
1V-2,4) or strips of cardboard : set- on A 


7 
ý 


edge or to suspend it by fine threads, 
Convection is reduced by surrounding 
the calorimeter with an outer vessel 
and packing dry cotton wool or felt 
in, between. and to cover it by a nai ple yg 
wooden lid, The lid is provided with $ : 
‘holes to allow the thermometer and stirrer to pass in, To reduce 
radiation loss the calorimeter is highly polished, The heat lost by 
radiation—rather by convection and radiation—can however be 
determined experimentally and allowed for in calculating the 
results, x 

B. Precautions in method. Besides, precautions such as 


Let eons 
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(i) prolonged heating of the solid so that it may attain a steady 
temperature (ii) quick transference of the body into the calori- 
meter so that the body may not lose heat on its way down (iii) 
continuous stirring of the liquid)so that it may attain a uniform 
temperature (iv) screening the calorimeter from other sources of 
‘heat and (v) avoidance of splashing of the liquid while dropping 
the solid into it, should be taken, 

„i Water is not suitable as.a calopimetric liquid. Its specific heat is 
much higher than that of any other liquid, So the rise in tempe- 
ature of water fora given supply of heat will be much less than 
that of other liquids. The percentage accuracy with which a 
temperature difference canbe, measured diminishes as this 
\Gifference, itself. does ; with water as the calorimetric liquid. the 
result is likely to be less accurate than if some other liquid, such 
48 an oil, were used, 


VADE # fo Ve í š 
_ Properties desirable for a catorimetric liquid. From above 
discussions, we may list them as follows :—The liquid must 

Ò, have low specific heat capacity 

i (ii) have high boiling point so that evaporation be small 

mc) be chemically inert i.e, will not chemically react with 
or dissolve the solids or the material of the container 

PO (iv) be a good contluctor so that equality of temp throughout 
i§ quickly attained 

bs (¥) ha high fluidity so.as not to stick to the calorimeter. 

L sOils. fulful the TeqUirements except the ilast two better than 
Wee: Aniline a pure chemical with medium sp heat (0.6) and high 
boling point 184 °C, is now regarded as the best calorimetric liquid. 


i 1V-2.6, Determination 
(Method of Mixtures ) _ 


ao eror the former a liquid of known sp heat and for’ the 
ein of Known sp. heat, is required, The experimental 
interact, i S Same. The solid and the liquid must not 
. cred A meer ini all» experiments a hotibody is put in 


of specific heats of Solids and Liquids 
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intimate thermal contact with a cold liguid and heat iin till 
thermal equilibrium is reached. 

To carry out the experiment the solid is first weighed and ‘then 
suspended inside a steam heater ( fig IV-2.5) which is @ hollow 
‘double-walled cylindrical chamber, 
steam circulating between the 
walls It enters through a pipe and Steon WL 
leaves ` through another. The Th 
hollow space C is stoppered by a 
cork above, Through holes in it 
are suspended the experimental 
solid by a thread close beside the 
bulb of a thermometer. The lower 
opening may be closed by a 
movable lid, The heater and the Fig, 1V-2.5 
lid can slide up and down an \ 
upright with a large base On which may be placed the calorimeter 
to receive thé heated solid, Steam’ is raised in 4 boiler and iti 
through a rubber tubing to the inlet, i 

Steam is passed for a long time till the thermometer shows a 
steady reading close to 100°C, _In the mean, time the metal 
calorimeter is weighed with the stirrer, dry and empty and again 
with water a Jittle more than that required to completely immerse 
the solid. It is next well-stirred, placed inside the outer box and 
then with a. sensitive thermometer the temp is noted, placed well 
away from the heater, 2 

The calorimeter is placed on the base of the heater, the lid 
moved.ont and the hot solid quickly dropped inside the water 
which is continuously stirred and the rising temp.,noted.at half- 
minute intervals till it reaches a maximum and then begins to fall. 
This is the common final temp which should not be much higher 
( <10°C ) than that. of the surrounding, 


aie 


As you have noted before, many precautions are necessary to 
minimise heat loss from the calorimeter and its contents, 
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ti IV-2:7.++Calorific“ value of fuels. Different samples of fuels. 
are categorised by the amount of heat that can be obtained by 
burning a given mass of one, completely.. For example, when it is 
stated that the calorific value of.a certain sample of coal is 10¢ 
Btu per pound, it means that when one pound of the sample. is 
completely bufnt we would get 10,000 BThU of heat: Calorific 
value of theother fossil fuel—oil, can be similarly, expressed. 
gil ‘Bomb calorimeter. It is the device to.determine this quantity. 
It is a strong steel container with a small hole closed by a gas-tight 
cover and filled with oxygen at high pressure, A small quantity 
of the fuel powdered and dried is placed inside it and the so-called 
bomb: is kept completely immersed in water in a large calorimeter, 
f The fuel is fired by a wire placed inside and carryingelectric current, 
The heat produced by combustion passes into the water of which 
“the initial and final temp are noted. The mess of the powder, 
that of water in the calorimeter as well as water equivalents of the 
‘bomb and the calorimeter being previously known, the required 
calorific value can be determined from this rise of temp. 


IV-2.8. Basic equation of the method of mixture. All calori- 
‘metric problems based on the method of mixturescan be solved with 
the help of one equation only. The equation is established below. 


Let the mass of calorimeter +strrier =m g 

specific heat of its material =s, cal/g°C 

the mass of the solid (to be heated) =m g 

its specific heat =s cal/g°C, 

mass of liquid in the calorimeter =m’ g, (this may be 
water) 

specific heat of liquid in calorimeter =s'(s'=1 for water) 


water equivalent of the calorimeter =mass of cal, x sp. 


heat of its material 


age . + . Swe, 
initial temp of liquid in calorimeter =G 

a initial temperature of the hot body imta C, 
3 


final common temperature =C. 
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Here the body-loses heat while the calorimeter and its contents 


„gain heat. i 
Heat lost by the body =ms (t —t) cal; 
Heat gained by liquid in the calorimeter =m's'(t—t,) cal; 
Heat gained by the calorimeter A = W(t—t,) cal; 


wap ms(ta —t)=(m's'+ W) (t —t,) (iV-2.8.1) 
From this equation any of ifs unknown quantities, such as s, s’, 
Wa etc., may be determined, when all other quantities are known. 


Ex Iv-2.9. Sp. heat of a water-soluble solid. 10g of common 
salt-are heated to 97°C and dropped into a calorimeter containing 
oil of turpentine. If the mass of the oil is 125g, its ‘specific heat 
0.43, and temperature 32°C, find the specific heat of common salt 
when the water equivalent is 15 g and the final temperature 35°C, 


Solution: Lets be the required specific heat. 
Heat lost by common salt=10 x sx (97—35) cal. 
Heat gained by the calorimeter and oil 
=(15+125 x 0.43) (35 — 32) cal. 
a 10x'sX62=(154 1250 43) x3 
whence s=0.333 (in cal g-? °C). 


Ex. IV-2.10. Determination of a high temperature with a 
calorimeter. An iron ball weighing 50 g is, heated in a furnace 
and dropped into 240 g of water at 30°C contained in a vessel of 
water equivalent 10g. If the temperature rises to 50°C, find the 
temperature of the furance, given that the.specific heat of iron=0,1. 


Solution: Let t be the required temperature 
Heat lost by the ball=50 x 0.1 x (¢—50) cal, 
Heat gained by water and the vessel=(10 4+240)(50 — 30) cal. 
5(t—50)=550 x 20 ‘or 1=1050°C. 


This is a method of pyrometry (pyros— fire) 


Ex. IV-2.11. Determination of the specific heat of aliquid. A 
piece of glass weighing 100 g is heated to 95°C and dropped into 
olive oil contained in a calorimeter. The mass of the oil is 120g, 
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"the Mass of thé calorimeter 150 g and its specific heat 0.1. If the 


temperature rises from 30°C to 45°C, find the specific heat of the 
oil, given that the specific heat of glass is 0.22. 
Solution : : Heat lost by glass—100 x 0.22 X (95 — 45)= 1100 cal, 
Heat gained by the calorimeter and the oil 
= (150 x 0,1-+1205)(45 —30)—=225 + 1800s cal, 
e *, 1800s4+225=1100 or s=0.486. 
Ex. 1V-2.12. Determination of water equivalent of a calori- 
meter, A -calorimetenscontains. 70.2 g of water at 153°C. If 
143.7 g of water at 36.5°C are mixed with it the common tempera- 
ture is 28,7°C, Find the water equivalent of the calorimeter. 
iie Solution: Let the water equivalent be W g. 
Heat gained by the calorimeter W(28.7 — 15,3)=13.4 W cal. 
Heat gained by 70.2g of water in being heated from 15.3°C to 
28.7°C=70,2x 13.4 cal=940,68 cal, À 
Heat lost by the warm water—143,7(36.5 —28.7\=1 120.86 cal. 
. 134W+940,68=1120.86 whence W= 13,4 g 
Ex. IV-2.13. Calculation of common temperature. 50g copper 
are heated to 98°C and dropped into a calorime er contaming 
100g of water at 30°C, if the water equivalent is 10g what is the 
‘final temperature p Specific heat of copper=0,09, 
Solution: Let the final temperature be 7°C, 
Heat lost by copper—50 x 0.09 x (98 — 1) cal, 
Heat gained by the calorimeter and water—=(10+4 100)(¢—30) cal. 
110(¢—30)=50 x 0,09 x (98 — 4) whence 1-332.7°C (approx). 
How to handle thermal units properly.: Handling units is 
mever a problem when, inan equation, you write all the quantities 
with the unit symbols. after their numerical values, If the unit for 
any quantity is not. given, its value will automatically come out 
from the equation; you just treat the unit symbols as algebraical 
quantities, This applies not only to thermal problems, but to all. 
To illustrate it, let us treat the last solved ‘exainple above 
in the way stated. Take specific heat not as'a ratio ut in cal 
gro, $ 
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Then, heat’lost by copper== 50g X 0:09 cal g-2°C-2 x (98 t) °C 
=50 x 0:09 x (98—t) cal (as before). 
Heat! gaified by calorimeter and water—(10g-+ 1008) (t—30)°C 
x1 cal g75°C71 because heat gained is- mass of water x'sp. heat of 
water x temp. rise, and the specific heat of water is 1 cal g-t°C-2 
Equating these you get t (in °C). 
Ex, Iv-2.14, A hot solid weighing 702 is dropped in a calori- 
meter of water equivalent 10g and containing 116g of water. Find 
“the sp.heat of the solid if its fall in'temp is 15 times as great as 
the rise in temp, of water. 7 [JEE. 67] 
Solution: From the relation Hear lost=Heat gained, we have 
ms, X fall in temp=(mass of water + water equiv) X 
rise in temp 
Or, 70% 5x 15¢—=(116410)t Or, s=126/(70 x 15)= 0] 2 
Ex. 1V-2:45, An alloy contains 60%, of Cu and 40% of NI A 
piece of it weighing 50g is heated to 80°C: and dropped in a culori- 
meter of water equivalent of 10 g containing 90 g of water at 10°C. 
Fiad the final temp of the mixture ; given, sp,ht for Cu=0,09, and 
for Ni=0.11, [HS 78] 
Solution: Let m be the mass of Cu in the alloy piece and that 
of Ni is (50- m). Then we have 
tm x0.09 (150 — m) x0, 11] (80--t)==(10-+90) 4—10) 
» Now m=50 x 60%—30g—mass of Cu. 5 
So mass‘of Ni=(150 -m =20g 


00 
t=13.2TC y 


sts abc as Or (0.027 4.0'022)—0,049 


Ex. IV-2.16. Temp of equal masses of three different liquids A, 
Band Care 12°C 19°C and 28°C. Mixture of A and B results in 
a final temp of 16°C ; that on mixing B and C produces'a temp of 
23°G. Find the resultant temperature when A and C are mixed, 

{I LT. °76] 
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Solution : Let their specific heats be Sa, Sp, Sc. | Now from 
the given data 

(1) mX Sax (19=16)mem x Spx (16-12) .*. Sa/Sp=3/4 

(2). mx Sox(28 — 23)=mx Spx (23-19) .. Sp/Sé=5/4 


Be TG ae): fate), aa) a 
+ BAY PBLPA_~, Let the required temp be t 
Sa Sc Sc 16 s 


., “mX SX (28 = 1)=m X SA X (t— 12) 


y =tSa_ls ing both sides from 1. we. have 
Ha So e Subtracting both sides 


t-12-284+t_1 sy 
LPL aA Or, t—12=16(2t— 40) 
Or, 31 t=640—12=628 Or. t=20.25°C 


Bx. IV-2-17. Three liquids of equal masses at temp /,°, fg” and 
1,°C of sp, heats s,, Sa, sg are thoroughly mixed, Find the 
common temp if t, >t, >r5. 

Solution; Let Tbe the common temp, obtained by mixing 
the first two liquids where t,>7>1,. Then 

ms, (ty—T)memsq (Tt) Or, Tota t Sata 

2 (f+-1) a ( 2) Or, s Fsa 
Again let the third liquid be mixed when finally the common 
temp be 7'. where t4>T'>T. Then we shall have 


ms,(T’—T)-+-msq(T'—T)—=ms5(t,—T’) 
Or, T'S, +5q4+5s)=Sots+T(s, Hs) saty portals (8,459) 
(Si+5q) 
=Selgt5,t, +5qta 
T’ Sit Sata tS ots 
Si +5g+583 


Ex. IV-2.28. A steel ball of mass 10g and sp. heat 0.1 is 
dropped quickly from a furnace into a thick copper (s=0.09) vessel 
of mass 200g at 50°C, The whole is then dropped in a calorimeter 
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of water equivalent *20g and containing 180g of water at 20°C. 
Thermometer in it records a maximum temp of 26°C, | Find the 
furnace temp and also find by calculation whether there. will be any 
local boiling [J.E E. 78 ] 


Solution: let the furnace temp be °C, Then 
Heat lost by (the ball+-copper vessel) = heat gained by 
(water + calorimeter) 
Or, 10x 0.1(1— 26) +200 x 0.09(50— 26)—=(180 42026 —20) 
Or, (t— 26) -+18 x 24= 200 x 6 sh te TDAC, 


Again let t be the temp of the copper vessel when the ball 
from the furnace is dropped into it : We then have 


10x 0,1(794—#')}=200 x 0,09(1' — 50) 
Or, 794-1’ 18(#’—50) Or, 1'=89'2°C 
Since’the vessel temp is less than 100°C, there will be no local 
boiling when the vessel is dropped in the water of the calorimeter. 


Note; Had the ball been dropped in the calorimeter directly 
without the auxiliary copper vessel which has absorbed 1200 
calories of heat, heating there would have been much greater, temp 
rise leading to much evaporation and loss of water. Further had 
the auxiliary vessel been thin it would have absorbed less heat 
and so greater amount of heat would have gone into calorimeter 
possibly producing local boiling. 


Ex. IV-2.19. 60 cu ft of water in a bath is heated by a gas 
burner, Calorific value of the gas is 600 Btu per cu ft and it costs 
95 p. per 1000 cu ft. Find the cost of heating the bath water 
from 55°F to 100°F assuming 109, of the heat goes to water. 

[J.E.E. ’81] 

Solution: Mass of given water=60 cu ft x 62,5 Ib/cu ft 

„Rise of temp=(100 — 55°)=45°F 


.*, Heat required=60 x 62,5 lb x 45°Fe=60 x 62.5 45 Btu 


30 . ERAT 
Let the volume of the gasyburnt be y cu ft. So heat. from the 
burner is VX 600 Btu/enft, From the given datum 
10% X Vx 600 Btu/cu ft=60 x 62.5 x 45 Btu 
et p408 cu n 
401.8 
Cost of this toi of gas would be TWS x 95=38 p, 


Jomo {- 
x. IV-2.20. Methods of calorimetry. Numerous methods are 
available for making calorimetric measurements. ay may be 
broadly divided into two classes, 
‘A. Thermometric ‘cdlorimetry. | Here changes in temp “are 
recorded, This may be further sub-divided into, 
(i) Method of mixtures: All our preceding discussions fall 
under this head, 4 


ii) PAUAR IAT + Here heat energy is supplied 
electricaliy;which makes manipulations much easier and calculating 
ae energy ipak iar more precise, 


nA heating Ț coil is embedded in the metallic Solid or immersed 
in the experimental liquid, If the heating current is J and flowing 
for 1 s under a P, D, of V volts then the electrical energy supplied is 
Hit. joules, and heat developed is VJt/J cal where J is the mechanical 
equivalent equal to 4,2J/cal, Since the current can be controlled 
very precisely and no solid to be heated for long and transferred 
to the liquid gingerly, the experiment can be controlled closely and 
made to yield precise results, 

The’ vatiation of (sp. heat of-water as shown in fig 4-2,1, was. 
obtained from such’ electrical experiments, J 


(iii) Method of Cooling : Newton had established that provided 
not much heat is lost by conduction of heat through air, rate of 
heat loss from a body follows a definite law, 


Newton’s Law of Cooling è It states that when a hot body cools 
in air without appreciable conduction: of -heat the time rate of 
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cooling is proportional to thé difference in temperature of. theii body. 
and that of its surroundings. Newton however expressly stated the 

law to be valid when the body is not 
in still air but in a uniform current of air. 


} In symbols. 3 
ani” i $ 
=g OBT eam Ko (I1V-2.9.1) ® 
P t g 
aA where gp and g, represent respec- excess tempec 


= 7 tively ‘the instanteneous temperatu: 
l of the body and that of the surrounding. 
_ The relation will be deduced from Stefan’s Law later, The—ve 
a sign indicate a fall in temperature (fig, 1V-2.6) _ 


Fig. 1V-2.6 


Results 
Fig. 1V-7 (a) ; Fig, IV-7.(b) 


Determination of specific heat eapacity of a liquid: A weighed: 
quantity of it is allowed to cool in a calorimeter and a cooling (i.e. fall of 
temperature with time) curve (fig. 1V-2,7a 

Tyh--- 5 and 7b) is drawn from temp readings of 

the liquid every half-minute. The liquid 
is then replaced by an equal volume of 
warm water for cooling through the same 


Be range of temp. During cooling both 
Ta ~ “1G the liquid should be well-stirred, 
From the curyes (Fig. IV-2.'c) time- 
—----t2-----=TIME intervals ^} and f taken by the same 
Fig. IV-2.1(c) volumes of liquid and water to fall 
ya ý } throngh the same temp range from Ty. to 
Tx If W is” the watcrequivalent of the calorimeter, m the mass of liquid. 
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he- aty- =m 
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and M that of water then applying Newton’s law to the cooling of the 
two liquids we arrive at the relation 


W+ms. tr 
WM ty 
where s is the only unknown. 
Ex, IV-2.20. Temperatare of a calorimeter fell from 30.2°C to 
29,8°C in 2 min. and again from 27.7°C to 27.3°C in 2 min, 40s, 
Find the temp of the enclosure: G 


Soluiton: Let t be the required temp. The rate of cooling in ~ 
the first case is 04/120 and the average temp 3(30.2++29,8)=30°C 
and the temp excess (30 — 4) 


0.4/120== K(30—1) Ha 


K being the variation const. For the second case we have 
similarly, 0,4/160—K(27.5 — 1) 


t==20°C, 


Ex. IV-2.21. Some liquid is found to cool from 353K to, 337K 
‘in 5 min., to'325K in 10 min; What the temp will be after 15 min. 
and whaf'is the room temp 7 [J.B.E. 786] 

Solution : (a) Let 9 be the required room temp, The average 
temp during the first interval is 3(353-+337)—345K and that during 
‘the second interval }(3374325)==331K, 


“+ 16/SeaK(345 = 9) 


and Pie ae Or, a= Or. 9—289K 
x 


Again K= 16 AG 
5x (345 = 289), 5x56 


(b) If 7 min, be the required temp then 
325-T 16 4, 
2r sye (325-289) Or, T=314.1 K 


a oe Latent. heat calorimetry ; You know that to change a 
solid to @ liquid or.the Jatter to a gas, heat is to be supplied but 


— =" 


y "T 
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the temperature does not change. So is the heat described as 
latent. Specific latent heat is fixed for a given substance and the 
amount of heat to change 1g of it from solid to liquid (latent heat 
of fusion) or from liquid to vapour (latent heat of vaporisation), 
Hence it is possible to measure a quantity of heat by noting the 
mass changing from one form to another by the heat supplied, and 
so to measure specific heat capacity of a solid, 

1, Black’s Ice Calorimeter: It acts on the principle that 

* when heat is applied to ice at °C a quantity of ice melts which 
_ * is proportional to the amount of heat supplied, 
The calorimeter is a roughly cubical block of ice with its 
~ % upper face sloping away genily from a wide deep central hole 
"which may be covered with another piece of thick ice. Water 
that may have collected inside the hole is soaked out by soft rags, 
A small but heavy piece of the experimental solid is heated up 
inside a Steam heater till it attains the steam temperature, and 
quickly dropped into the hole and coyered up, After sometime, 
the uppef*block is removed, the ice-cold water that has formed by 
the heat transferred from the piece to the surrounding ice is quickly 
soaked up by a piece of previously weighed blotting paper and as” 
quickly weighed again, (Quickness prevents loss of cold water by 
evaporation), The difference gives the mass m’ ofice melted, the . 
heat used up is m’L where L is the specific latent heat of melting of 
ice, This equals ms(100—0)=heat lost by the hot body of 
mass m and specific heat capacity s, 100 and 0 being the steam and 
ice temperatures respectively, * 
bo ms.100—mL Or, s=mLj100m 

~ ~ No radiation loss of heat occurs nor a thermometer is required, 

Clearly the experiment is quite crude, 


2. Joly’s steam calorimeter : In this arrangement as in the 
last, latent heat released due to condensation of steam on the 
experimental solid is utilised to find the specific heat capacity. 
Again, the specific latent heat of condensation of steam can be 
found from the same experiment, with a solid of known sp, heat. 


3 š 
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The calorimeter (fig. IV-2,8) is a metal chamber A into which 
steam enters through T and leaves through 
E, Through a hole H passes into A a fine 
wire suspended from one arm of a 
sensitive balance, carrying a smal! metal 
pan P. The experimental solid piece 
Bis placed on P and weighed. Steam 
is now admitted into A- where it 
condenses on the solid, the pan and the 
inside walls, This mass of water adds 
to the weight of B and P and raises 
them to steam temp. In a preliminary 
| expt the mass of water condensed on 
P for the same temp rise is found out, 

If m be the mass of steam condensed 
on B to raise it from room temp t to steam temp, M the mass of B 
and s the specific heat capacity of its material and L, the se Fai 
latent heat of condensation of steam then 


Ms(100—1)—=mL , 


Fig. IV-2.8 


very similar to the expression in Black’s Ice calorimeter, But 
unlike it, Joly’s steam calorimeter with a few. more refinements 
yield high accuracy in results, 

Ex. IV-2.21. A 15 giron piece at 113,6°C is dropped in a 
cavity of ice block of which 2.5 g melis. Find the sp. heat of iron 


if L is 80 cal/g. [€.0.] 
Solution: we know that Mst=mU È 
Or, s=mL]Mt=2.5 x 80/15 x 113.60 
=0.11 


Ex IV-2.22. When a piece of metal of mass 48.5 gat 10,7°C is 
exposed to a stream of stem 0,762 g of steam is found to condense 
on it, Find the sp, heat of the metal, (L,=540 cal/g) [LL.T. °63] 

Solution: Note that the problem runs on the same line as out- 
lined above, So if the sp. heat of metal be taken as s then we have 
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Ms(100—t)—=mL, 
a Or, 48.5.8 (L00—10.7)—=0,762 x 540 
Or, s=0,095 


Problem : A copper ball 56.32 g in mass and at 15°C is exposed 
to dry steam at 100°C, Find the mass of water collected till the 
ball reaches 100°C (s for Cu=0.093 and L, =540 cal/g) 

(Ans, 0.83g.) [ Dac. U. ] 


Ex. IV-2.23. Ice and water at 0° have densities of 0.916 g/cc and 
Igjcc respectively, A metal piece of mass 10g at temp of 90°C 
is dropped into a mixture of ice and water. Some ice melts and 
the mixture contracts by O.lec at 0°C. Find the sp, heat of the 
metal, given L=80 cal/g. (LIT. ’64] 

Solution $ Vol of 1 g of ice at 0°C=1/0.916 cc and 1 cc of water 
weighs lg, So on melting, 1 g of ice contracts by (1/0.916-1) or 
84/916 cc, So for 0.1 cc of contraction (which is solely due to 
melting of ice) the mass of melted ice is 


i. 1 x916_91.6 
0-1x Somers g 
So heat required to melt it must have come from the solid 


MaX 8X 90=m; X L 


. 10x x 909S x8 340,097 


Specitic heat of Gases: None of the aboye methods are 
suitable for measuring sp. heat of gases, for a gas has two sp. heats 
one at constant pressure, the other at constant volume, Different 
amounts of heat are required to heat 1 g of gas through 1°C under 
these two different conditions, If the mass of gas taken is 1 mole 
then difference in its specific heat becomes equal to the molar gas 
const R,. J 

c,-C,=R, 
when C, and C, are expressed in joules. We shall return to this 
discussion in the last chapter, 

However we shall not diseuss any method of determining them, 


Iv-8 
EXPANSION OF SOLIDS 


IV-8-1. Some demonstration experiments. When a solid is 
heated it expands ; when it is cooled it contracts, The expansion 
or contraction is so small that it cannot be seen with the unaided 
eye. It therefore requires carefully designed experiments to demon- 
strate the effect, 

Solids expand on heating. (i) Expansion of a solid on heating 


LMM MU ViVi 


Fig, IV-3.1(a) 


can be easily demonstrated with the arrangement shown in fig. 
»IV-3,1(a), One end ofa thin metal rod is clamped to a stand. 


LE 


Fig, 1V-3,1(b) 


The free end is placed on a pin which carries a light pointer. A 
Weight is hung from near the free end of the rod so that the rod 
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presses on the pin and keeps the pointer in position, The rod 
is heated by running a flame along it, It will be seen that the 
pointer is deflected from its position, When the rod is allowed 
“to cool the pointer regains its’ original position, The explanation 
lies in the expansion of the rod due to heating and subsequent 
contraction on cooling. 


(ii) Fergusson’s expt. Fig IV 3.1(b) provides a more 
Sophisticated demonstration of the same. Rods (R) of same length 
and cross-section may be placed horizontally on grooves cut on a 
pair of stout iron cylinders A and B. A screw S prevents expansion 
of the beam to the right. To the left the rod pushes against the 
short arm of a vertical lever P pivoted at O. Its long arm can 
move over a graduated scale, The rod can be heated from below 
by a row of burners, 

With rise in temp, the tip of the poiater moves to the right 
indicating expansion of R to the left. 


(iii) Gravesand’s Ball and Ring experiment ! Fig, 1V-3,2 shows 
a ball 4 which, when cold, just passes through 
the ring B, but does not do so when heated. 

(iv) Expansion of wire when heated 
electrically. A metal wire about 0.5 mm 
in diameter is hung from a hook and 
stretched vertically by a small weight, An 
electric current of several amperes is passed 
through the wire so that it becomes red hot. 
As the wire is heated the weight descends 
rapidly, It rises. when the current is stopped. 
This provides a vivid demonstration of the ers 
expansion of a wire on heating. 

To show the effect elegantly an iron wire about 2 m long is 
fastened to a hook A at one end (IV-3,3a) and to a weight W at the 
other , in between the two points the wire passes over three pulleys 
B,C, D. A large battery passes a strong current through it from 
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end to end, A pointer Pis attached to D which moves over a 
circular scale, 


8 iron wire 2m long 
mn 
G 
3 
$ 
S 2 
e 
<y 
100°C 200°C 
temperature 
(b) 
Fig. IV-3.3 


With rise in temp the wire lengthenes turning the pulleys as 
indicated as also Pand W descends, The- elongation, with rise in 
temp is shown in the adjoining diagram and note that the relation 
is a linear one ( fig. 1V-3,3b ). 

Different solids expand differently. Different solids expand 
by different amounts under identical conditions, For demonstration 
purposes a composite bar of aluminium and iron with a wooden 


OUIA wen 
A. i nN 
iron 
4 COLD 
I ` ar 
ta 
Fig. IV-3.4(@) Fig. 1V-3.4(b) i 


handle is shown in Fig. 1V-3.4(a). On heating it bends with iron 
inside. 


Two metal strips of exactly equal length are riveted together ’ 


[fig. 3.4(b)]. One is of brass and the other of iron, On heating, 
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this compound bar bends with the brass or the copper on the 
outside, On cooling it straightens again, The bending is due 
to the fact that one strip becomes longer than the other on 
heating. Brass or copper expands more than iron under the same 
conditions, 


IV 3.2. Co-efficient of linear expansion. When a solid is heated 
it expands in all directions ; but very often we are concerned with 
its expansion only in one direction, viz., its length, We speak of 
this as the /inear expansion of the solid, 

Let J, be the length of a barata temperature f,, and /,, its 
length at temperature fg, Experiment shows that the elongation 
i.e., increase in length, (Ig — 14), i$ approximately proportional to 
(i) the original length 1, and to the (ii) rise in temperature (t — ty) 
We may, therefore, write, 

Ig —h= aly (tg — 43) (IV -3,2,1) 
where « is a small constant of proportionality whose value 
depends on the material, It is called the coefficient of linear 
expansion of the material, It should properly be called the mean 
coefficient of linear expansion between the temperatures /, and fy. 
Note that elongation being proportional to temp rise their relation 
is linear as seen in fig 1V-3,3b, Writing then, 
b-h 
lat) 

We may define « as follows: The coefficient of linear expansion 
is the change in length per unit length per degree rise of temperature, 

Coefficient of linear expansion (abbreviated C,L.B,) 


Increase in length ila (IV-3.2.3) 
Be riginal ings X rise in temperature l.8t 


(1V-3,2,2) 


It follows that if /, is the length at a temperature f, of a piece 
of material of coefficient of linear expansion «, its length /, at 


tem perature fy Will be given by. 
l3=l,{1 +(e -ta)} (1V-3.2.4) 
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It is easy to see that « is independent of the unit of length, but is 
dependent on the temperature secle, In equation IV-3-2 2, (l —1,)/y 
represents the change in length per unit length and is a pure 
number, In mentioning the value of « we must say if the change 
in length was caused by 1°C or 1°F rise of temperature, «, therefore, 
depends on the scale of temperature adopted. 

The meaning of a statement like “the coefficient of linear expan- 
sion of brass is 19 x 10-6 per °C” should be clearly understood, It 
means that for each 1C* rise of temperature a rod of brass expands 
by 19x 10-6 part of its original length, In other words 


for 1C® rise of temperature a 1 cm long brass rod increases 
by 19x 10-6 cm, 


» » X > 1 metre » 19X10-® metre ; 
P » » : y. 1 yard » 19x 10-8 yard ; 
oo» » » l units » 19x 1076 x7 uniis, 


For a 1°C rise in temperature à ròd of Jength 7 units will increase 
by Jt units where « is expressed in “per °C” unit. 


Values of 4 for some mubstances, The following table gives 
the values of the linear expansion of some common substances 


on the celsius scale, They are mean values between room tempera- 
ture and steam point, 


Substance _ 


Substance « per °C « per °C 
Aluminium | 25.5% 10-* | Brass 18-9 x 10-6 
Copper TOs Bronze PETUS 
Iron (cast) 10:2 Gi Glass (crown) 8:5 to 9:7 ,, 

» (steel) | 10-5to 11-6.) ,, (flint) ESN S ay 
Platinum EATA » (pyrex) 3 M 
Silver 188 «| Invar (64 Fe, 36 Ni) O95 ax 
Zinc 26-3 _,, Quartz (fused) 0-5 


The International Prototype Metre, made of an alloy of 909, Pt 
and 10% Ir, has a coefficient of expansion of 8:7 x 10-6 per °C, 
Ehe Imperial Standard Yard, made of 32 parts of copper, 2 parts 
of zinc and 5 parts of tin, has a coefficient of 17,7 x 10-6 per °C, 
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Example IV-3.1. A piece of copper wire has a length of 200 
cm at 10°C, Find its length at 100°C given «=17 x 10-6 per °C, 
Solution 3 Here rise of temperature=90C°, 
Now, expansion of 1 cm for 1C° risc=17 x 1078 cm, 
.. Expansion of 200 cm for 90C° rise==200 x 90 x 17 x 10-¢ 
cm=0:306 cm, 
The length of the wire at -100°C-=200° 306 cm, 


Alternatively, we could apply equation IV-3,2.4 For this equation 
1,=200 cm, t, =10°C, tz—= 100°C, 417% 10-* per °C 
Ig =1y{(1-+4(tg —t1)}=200(1 417 x 10-6 X 90) —= 200.306 cm, 


Ex. IV-3.2. A piece of steel has a length of 30 inches at 15°C, 
At 90°C its length increases by 0,027 in. Find the coefficient of 
linear expansion of steel, 

Solution: Here rise of temp=90— “1575 Ce. 

Expansion of 1 inch for a temperature rise of 1 C° 

=0:027/(30 x 75)=12 x 107° in. 
«<. The coefficient of linear expansion=12x 10-8 per °C. 
Or, apply formula IV-3-2,1. 


Ex. IV-3.3. A rod of iron and one of zinc («°=29 8 x 10-*/°C) 
each 2m long are heated to 50°C when the Zn rod is 0,181 cm 
longer, Find « for iron. _ (CU.) 

Solution: Let dashed symbols represent Zn and plane ones 
iron, Then J, =200(14+29 8x 10-8 x 50) 

and * 1, =200(1+4. 50) 

and l la =0.181=200 x 29 8 x 10-6 x 50— 200 x 50 xa 

=(29,8 x 1076 —4) X TIFE -dj 
4=29,8 x 10-6 — 18,1 x LU“ 11,7 x 10-8 PC 


Ex. Iv-3.4, One end of a steel rod 61 cms long is fixed and the 
other end presses against an end of a lever 10.5 cm from the ful- 
crum. On heating through 500°C the rod turns the lever through 
2°. Find the increase in length and 4 of the material (Pat. U.) 
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Solution: Fig IV-3.1 (b) gives you an idea, 


2x 


Now vena X2= z rad=arc/radius=arc/10,5 


: 5 on 2s lasag 
The arc=increase in length 50 x 10°5 T xT 0.366 cm 


i ee 12x 10-6/°C, 

Problem: Two equal bars one of iron (4=12x 10-6)°C) and 
the other of brass (<== 18x L0-8/°C) each 80 cm long are joined 
together at one end and a needle 1mm in dia and carrying a pointer 
is clipped between their free ends, When the bars are heated the 
pointer rotates through 10°. Find the temp range of heating, 

(Ans 29.1°C) (Oxt. & Camb] 


sIV-3.3. Cause of Thermal Expansion. It is clearly due to the 
tncrease ia the average separation between the atoms in the solid, 
In Fig II-5S.4 we have already 
studied the relation between 
potential energy U and sepa- 
ration r of molecules, The 
same is shown again in fig 
IV-3 5, The curve is asymme- 
trical in shape. 

When the vibrating molecules 
are at equilibrium separation 
ry potential energy is a 
minimum (E), When they 
come closer together, strong repulsive force takes over, as we find 
the P, E. curve rising steeply (F=—dUjd’), As they move further 
apart, weaker attractive forces (gentler slope of the curve) come into 
play. 

At a given temp T, the molecules have a given energy of vibra- 
tion, atomic separation periodically changes from a maximum to a 


O M 
* For the more inquisitive student 


Fig, 1V-3,5 
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minimum the average st paration r,>ro and the equilibrium point 
shifts to the right, At a still higher temp Tẹ, we find rg>r,>ro 
and the equilibrium point shifts more, and thus the solid as a 
whole expands, 

Thus the asymmetry in the P. E.— Separation curve is found 
to be responsible for thermal expansion, 

1V-3.3. Determination of the coefficient of linear expansion. 
In all solids the expansion is so s yall that we must either magnify 
the change in length before measuring it 
or use some ¢elicate measuring instrument. 
There are many forms of apparatus of which 
we describe one which uses a mi-rometer 
screw, and is known as Pullinger’s apparatus 
(fig. 1V-3.5), 

The experimental rod R, about a metre 
long, stands vertically in a tube A mounied 
on the frame F, A has two thermometers Ty, 
T, inserted in Ato measure the temperature of 
R. It‘has also side tubes for inlet and outlet 
of steam and is surrounded by felt or some 
other non-conductor of heat, The top of R l 
passes through a cork in A and through a Fig, IV-3.6 
hole in a glass plate G which rests horizontally 
on the frame, A spherometer rests on G. After the initial 
length Jof ‘the rod has been measured it is placed in position 
and the central leg of the spherometer brought iato contact with 
the top of R. (This adjustment may be accurately made by connec- 
ting one end of an electric circuit containing an electric bell with a 
leg of the spherometer and the other ead with R. When the contact 
between the spherometer and the rod R is established the bell starts 
ringing.) The spherometer reading is taken, The central leg may 
now be raised without removing the spherometer. The ioitial 
temperature t, of the rod is read off from T, and Tg. 

Steam is then allowed to pass through A, Temperature of R as 
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indicated by 7, and To rises and finally becomes steady, When 
it has been steady for some time the central leg of the spherometer 
is again brought into contact with R and its reading taken, The 
difference in the two readings of the spherometer gives the expan- 
sion x of the rod, The final temperature tg Of the rod is noted 
from T, and 7;, We have all the data to find the coefficient of 
expansion «, It is given by 


faa x 

Kt, =t) 

IV-8.5. Thermal stress. Force of expansion or contraction ie 
enormous. The breaking bar experiment (fig, IV-3,7) demonstrates 
. that an enormous force is 

brought into play when a 
solid contracts or expands, A 
stout iron rod fits across two 
slots in a heavy iron stand, 
The rod hasa hole through 
Fig. IV-3,7 one end anda screw at the 
other. A cast iron pin (about 
5 mm in diameter) is passed through the hole. The rod is then 
heated and clamped tightly while hot by means of the screw. 
When the rod is allowed to cool it is found that the cast iron pin 
snaps owing to the enormous force of contraction, A slight modi- 
fication of the rod (Using the inner hole) enables us Similarly to 
demonstrate the force of expansion, 

To find the force we consider the stress developed as the rod “ 
expands on heating, When a force lengthenes a rod of length / of 
ross sectional area A of material with Young’s modulus Y, by al, 
we know from definition of Y, that 
FJA 
aiff 


From eqn, IV-3,2,3, we find for a temp, rise of z + 


q 


Y= Or, F=YA z (IV-3,5,1) 


(öll =at or F! t= Y(5//) = Yar (IV-3.5,2) 


BXPANSION OF SOLIDS y 45 


ie. thermal stress is independent of the dimensions (A, 1) of the 
tod but depends on its material namely Y and 4, Young’s modulus 
and coefficient of linear expansion of the material, and temp rise. 


ExIV-8 5, Two rods of different metals (4, Y, ; 43, Y3) of 
same cross section A but different lengths are held end to end 
between two massive walls and raised in temp by 7°, Find the 
force developed between the two and rod lengths at the higher 
temp, Assume that rods do not bend, cross-section does not alter, 
walls remain vertical. (LUT. 775] 


Solution: Let F, and F, be the required forces. Now 


ôl, liif l4 lats 
= St YA Ao me AT Lt. Fig AT 22 
Pat Teint Bae ee hr. 


AT (1444 +1o%q) 
Mutual force FF, =F = “151 Tieta 
Se O TEA 


AT Y, Y; il 4; +laks)- - - 
WYotlaYs 
Again had there been no mutual force the length of the first rod 
would have become /,(1+-4,7) but due to the opposite expansion 
of the other rod it suffers a fractional diminutiou in length by an 
amount F/,/AY, 


YT 4, +la%s) 
ahah tar Tas] 


Similarly for (l3 Íy 


Problems (1) A composite rod is made by joining a copper 
rod 30 cm long (Y=13x 10*°N/m?, «==17x 1078/°C) end to end 
to another rod of same cross-section so as to make a rod 1m long 
at 25°C, At 125° the increase in length totals 0,191 cm. If held 
between massive walls increase in length is prevented though temp 
rises, Find Y and « for the material of the other rod, [ LLT. 79 ] 


(ans, Y=11,1x 101° N/m4).4m=20% 10-#/°C] 


“6 e nmt 


(Ming: 30w 17010496 (125-~ 25) (100 ~ 30) <x (125 — 25) 
lal, +l ew 19 


Uh, 9 mat A 


š 30 Y, 

E P ae la 

(9) A steel wire | mm” in crosssection is held just taut 
between (wo supports of 30°C, Find the tension developed st 
PC given Y2 1x OIN mt and cm 12% 10°47, (Ase 75,6 N) 
~ D) A weet 10d of OS em? is 25 em long, What stretching 
force elongates the rod by the rame : mount st by raising it through 
WGC 7p (Given Fem 10Na, <10 PC) 

(Aes ION, (LT. '7 ) 

WOS Differential Expansion: ja comporiie bare (Oe 
IV-A) we owd thet thelr cerveteres arise from different 
expention of diferet metal, Let os | 
token pele of rodi AB and CD ( fig 
IV-3.8) of different metals (4, and <, ) 
of lenge |, sd |,’ rightly connected 
by © cromphece at a temp s, 80 that 


BDmt, =l, =d] 
Ate bigbe emp 1, Deit leagihs 
soii 
Tyme tain) 


i eh yet) 

s The mev dinne FD between 
thew Weg: wowkd be é 

delle hte aa 
=h, Hehe = Ne Syne) 

By moade choke of materiel and lengths we can make SO 
wary Wah tem, cratere is coe ef ibe eee following ways 

A FO 10 net ot oll changed. The principie in awd is com: 
prnaating chock pendium for cmp varaton M emm sed winter 
“This ie echiewed by making (<p!) <) OF NT <ayhey V-A.) 


Pe Wee 
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Le. taking the rod lengths in the inverse ratio of the coefficients 
of linear expansion of their materials 

B. The distance I'D! extends or shrinks. The shorter bar CD 
is made of imrar (expansion with temp negligible) so that the relative 
expansion of BD’ with temp becomes much greater than a bar of 
length dy, 

If the longer bar is of invar, BD! tapidly shrinks with rise in 
temp, This is the principle of thermostats to cousol emp of 
various devices, 


Bx. IV-8.6, A platinum rod 1,3 m. long bas one of its ends fixed 
rigidly to a cross-plece along with a nine rod placed paralic! to it, 
If they are heated to the same range of temp and yet the difference 
in length between the two rods does not change find the length of 
the latter, Given 4, =9 x 10°C and <, = 34X 10C, 

Solution: Prom equation [V-3,5.2 we have 

I 9xio*"rc 
i =e A A048 a 

Probie st Find the lengths of a brass and an iron rod if at all 
temp their separation remains 5 em. 

[Ane 158 10 em) ( Mat, IN- pe 2) 

c ‘Thermostat } It is an automathe electric ewiteh which choses 
when the temp reaches a certain temp sed opens whee h reaches 
another, One soch is shown is fig 1V-3.%0) 

If the tea is low the bimealiie strip s 


ss ins box. Asam ctample we comeder on enisi 


the temp has rises to the desired valor, the sirip has beni away far 
toough to break the electrical contact ai A and B, ther Aroaking 
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the circuit, When temp falls the strip straightens out and re- 
establishes the circuit again making the circuit, 

The starter supplied with your modern tube-light is a thermostat, 
This device is also an element for automatically controling the temp 
of your ‘bath-tub water. A fire alarm is also a thermostat in 
series with an electric bell but with the the invar-side facing the 
contact-side, The contact here is kept broken, On heating the 
strip bends towards the contact and on toucbiag sets the bell 
ringing to give the alarm, They may be installed in warehouses, 
in holds of ships or in places where a fire may break out without 
being quickly discovered, ~ 

We describe below a gas thermostat in which heating is 
controlled by the differential expansion of two metals as in 
bimetallic strips, 

Refer to fig IV-3.9(b), The gas flows to the oven through a 
valve V, which has an invar stem. The stem is attached to the 
closed end of a brass tube which projects into the top of the oven, 


Fig. IV-3.%b) » 

As the gas burns and the oven heats up, the brass tubs expands, 
But the expansion of invar is negligible, So the valve‘head moves 
to the left and partially closes the opening through which the gas 
» flows, If the oven cools, the brass contracts and the valve head 
moves to the right, increasing the gas flow. A rotating knob 
attached to the invar rod controls the opening of the valve, The 
Position of the knob sets the temperature of the oven, 


EE S 
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The rate of supply of gas which will maintain the oven at a 
constant temperature is thus controlled by the differential expan- 


sion of brass and invar, 


Ex. IV-3.7. Two metal strips each of length /o and breadth d 
. are so riveted at temp that their edges coincide. Coefficients of 


their linear expansions are « and 
« («>«), It bends into an arc 
when the temp rises by of. Find 
the radius of curvature of the 
bent bimetallic strip. 

Solution: Refer to the fig, 
Let the strip lengths at the higher 
temperature be J, and J, where 
I, =lo (1+«sf) and l =l0 (1 +4561). 

Let the strips bend into arcs of 
radii R and R’. ‘Then 

1,—=Ro=lo ( 14461) and (A) 

l= Rig=lo (144-51) (B) 

Then obviously 9 (R—R)=lo (x-4) ot 

lo (x-4 ot_lo(x—«") ot 

Or, Serr airs Aa T, 
Again adding (A) and (B) wet get 
g (R+R )=2lo+lo (<+« Jot 


Rp Ree clot lon + (ats ) 


ti 


The mean radius of the bent strip must be then 


Uo +lo. òt (4+4) 
Ræ} (RER de Si (a=) ot]2d_ 


fof 2+(a+< ) ot} 
RA sTVATS ISO 
y oa a Wid 


$0 EBAT 
of iron and brass are riveted to form a 
If it is heated to 100°C find the 

(Ans : 167 cm) fi 


Problem: Two strips 
straight bar of thickness 0.1 cm. 
radius of curvature of the bent bar. 


d a copper rod differ in length by 2 em 
d their lengths at 0°C, +’s being 
[ J. BE. 74 | 


Ex, Iv-3.8, An iron an 
at 50°C and also at 450°C. Fin 
respectively 12x 10-6/°C and 17* 10-6/°C. 
Let [be the length of the iron rod at 50°C, so that 


Solution + 
as its is greater. Then 


of the copper rod is ( 1—2 ) cm 
oar + J=6.8em 
Belo (1412%10-$ x50). a) p,—=6.796, cm 
and (lo)cus4,796 cm 
Bimetallic thermometers (fig. 
1V-3,10), The thermo-element here 
js,a long thin bimetallic strip 
curled as shown, The strip has 
brass on outside and invar inside, 
On heating the strip curls up more, 
the pointer moving to the right. 
Though not much sensitive it is a 
Fig. Iv-3.9 small, compact device that you can 


3 
i 
f 


very casily carry in your pocket. 


IV-3.7. A. Some Advantageous Expansions = 


(i) Steel plates of boilers, ships or bridges are held together 
by rivets, Rivets are fixed while 
hot, On cooling they © contract 
and make a very firm joint ( fig. 
IV-3.10 ). 

(ii) Walls which have bulged 3 
Outwards may be drawa in by sgg 
Passing iron bars through them across the building, To the extremi- 
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ties of the bars are attached iron plates screwed upto the walls with 
nuts. The bars are heated and the nuts and plates screwed up 
tightly against the wall. When the bars contract they draw the walls 
with them. You have just seen what tremendus forces they 
develope because of thermal contraction, 

Iron rods in furnaces have a set of ends sealed into a brick wall 
but the other ends are kept free to expand so as not to damage the 
the structure because of thermal stresses developed, 

(iii) Glass stoppers often stick to bottles, too tightly to be opened 
by ordinary means. Careful heating of the mouth of the bottle 
enlarges it, when the stopper ¢omes out easily. If a metal cap sticks, 
the cup itself is to be heated. 


B. Disadvantageous expansions and their remedies : Expan- 
sion of solids more often than not causes inconvenience and calls 
for suitable remedies, 


(0) The rails on railways expand on hot days and contract , 
at cold nights, The extremes 
of temperature may be fairly 
large, To allow for the 
expansion and contraction of“ 
the rails a small gap is 
always. left beiween the ends 
of adjacent sails, The arrange- 
ment is shown in Fig, 1V-3,11. 
The rails are joined by fish-plates bolted to the rails, Bolt holes 
are oval in shape and allow the rails to move in the direction of 
their length, 


Fig, IV-3.11 


Ea 1V.4.10. 300 miles separate Delhi from Allababad, Find 
the total space left between the rails to allow for a rise in temp 
from 36°F in’ winter to 117°F in summer. (a=12x 10-8/°C ) 

Ke pan o] 

Solution» Total exp=L4t=390 mites X 12 x 1076 /°C x (117 -— 
36.) x 5°C—0:2084 m. 
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Problem: A gap of 0'5” inch, separate rails 66° ft, long at ¥ 


10°C, At what temp will they join up 7 (Ans 67.3°C ) 
[ C. U., Gau. U., H. S. 83. Tripura ’79 ] 


In tramways however it isthe common practice to weld rails 
together in order tbat tke resistance to the flow of electric current 
through the rails to the earth may be the least, The rails are 
embedded in the road and surrounded by granite blocks and 
concrete. This gives the rails much protection against temperature 
changes, The rails of a railway are fully exposed, 


(ii) The ends of a big steel bridge are not rigidly built into the 
brick work on which they rest, They are supported on rollers 
which allow them to expand or contract without damaging the 
masonry ( fig, IV-3,12). 


Fig. IV-3,12 


Ex, IV-8.11 The steel span of a bridge is 0.5 km long and has 
to withstand a temp difference from 44°F to 116°F. If Xm 10-5 /°C 
what allowance must be kept for its expansion ? [J.E.E. °62] 

Solution; Since a temp diff 1°F is smaller by Sof 1°C temp 
diff, we have 4;=§4, 


.. Required Allowance], -l,=l,4;.t=5x 104cm, 
(1 16- 44°F x 10-5 x $/°Pax5 x72 x (5/9) x 10-1 cm=10 cm, 
Problem: The Eiffel Tower in Paris is 335 m high and is made 
of steel (x=12x 10-°/°C). How much taller is the Tower in 
summer (100°F) than in winter (0°F )~ (Ans 22,23 cm) [HS. °63] 


(iii). Cracking of glass. When hot water is Poured into a glass 
vessel with thick wall, it is likely to crack, The inner wall tends 
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to expand ; but as glass is a bad conductor of heat the outer wall 
remains cooler and does not expand, This sets up large stresses in 
the glass, and it cracks, The risk is less when the wall is thin or 
when the glass has a small coefficient of expansion, The linear 
coefficient for ordinary glass is about 9 x 10-6 per °C, Pyrex glass 
has a coefficient of 3x 1076 per °C, It can be heatedin a flame 
without cracking. Fused silica ( quartz) has such a small co- 
efficient that a crucible made of it can be heated red hot in a furnace 
and then immediately chilled in water without cracking, 


Heating a stone often cracks it, This is seen when a piece gets 
into a coal fire. The outer layers of the stone expand before the 
inner layers become hot. So they break away often with a loud 
report, 


(iv) Glass and metal seals: Unequal expansion of glass and 
many metals makes it impossible to seal a metal wire such as copper 
or iron into a glass bulb, Platinum and some alloys have very 
nearly the same expansion coefficient as glass and are used for 
sealing, In modern electric lamps the leads which pass through - 
the glass stem are made of an alloy of nickel and iron coated 
with copper, This alloy expands equally with the glass, 


Ex. IV-3.12, To thread a cu wire (2mm dia, at 20°C) through 
a’smaller hole in a carbon block for connection to the carbon 
anode in a transmitting valve the specimens had to be lowered to 
~80°C, Find the diameter of the hole at 20°C if«’s for Cu and 
C are 17x 10-6/°K and 5x ~°/°K respectively, (Oxf and Camb.) 


Solution: 1C°=1K°, Let d be the required dia at 20°C, 

Then d'at —80°C=d [1—5x 10-6{20~(—80)}]=0.9995d cm 
Similarly dia of cu wire at — 80°C =0.2 ( 1- 17x 10-6 x 100 )== 
0.19966 cm 

+ 0.9995 d=0.19966 cm or d=1,998 cm. 

(v) To allow for the expansion and contraction of steam pipes 

they are provided with expansion bends or loops as shown in 
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fig, 1V-3.13. When the pipe expands or contracts the shape of the d 
loop changes slightly. The pipes 
carrying oil through deseris and 
ice-fields are also fitted with such | 
beads and loops to allow for their 
expansion and contraction. They 
may also be laid in a Zig-Zag, 
loosely on supports, or have teles- 
copic joints, the clearances sealed 
with asbestos fibres. 

(vi) A telegraph, telephone of 

a power line is fixed between 

poles loosely, so as to allow for 

le e its expansion and contraction, In 

summer it is longer and looser; 
in winter it is shorter and tensed, 

(vii) The distance between the graduations of a scale increases 

in summer and diminishes in winter. The graduations are correct 


TH 
ee ge ee ell 


r Fig. IV-$.14 


Fig, IV-3,13 


only at the temperature of calibration, For high accuracy in 
readings a cofrection is therefore necessary, 

Fig 1V-3.15 shows the same steel ruler at two different tempera- 
tures, On heating, every dimension of it expands in the same 
proportion—the scale, the numbers, the hole and the thickness. 
However the expansions here are shown much exaggerated. 

If the graduations be done at g, at a higher temp 9, it will read 
less and at a lower temp the reading will be higher as you realise 
from the above fig as well as example IV-3,13 

True reading at 9; is (/,)—=scale reading (/,)x[ 1+4 (0, — 0)] 
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Ex. IV-3.13. A brass scale is correct at 20°C, The length of a 
rod as measured by it at 30°C is 50cm, What is the true length 


of the rod? («for brass= 19x 10-8 per°C), 


Solution: A distance of 1 cm on the scale at 20°C increases to 
1419 1076x 10=1:00019 cm at 30°C. Therefore the distance 


the scale reads as 1 cm when it is at 30°C. is really 1,00019 cm. 


The true length of the rod=50X 1.00095=50.0475 cm. 


scale is correct at 0°C. The length of a 


Ex. Iv-3.14. A steel 
brass tube measured by it at 30°C, is 45 metres. What is the length 
i=11x 10-8/C° and of brass 


of the tube at 0C? 4 of stee 
=19 x 10-8/C*.) 
Solution: 1 metre on the scale at 30°C is really 1430x 11x 
10-6 =1:00033 metres. 
The true length of the tube at 30C =4.5 x 100030 metres, 
If it is cooled to 0°C, its length would be 4,5 X 1.00030 (1- 30x19 
x 1076)=4:499 metres nearly’ 


Problems. (1) A metre scale, made of steel, is correct at 10°C. 
What would be the correct distance between two consecutive cm- 
markings on this scale at 30°C and 60°C 7 


A brass rod measured by the above scale at 30°C is found to be 

5 metre long. What would be the correct length of the rod at 
10°C 7 «of steel 12x 1078/'C. < of brass=18 x 1078/'C 2 
(H. S. 86 ] 

ct at 68°F, It measures & brass rod at 
5m, Find the true length at 15°C. 
[H 8.78] 


(2) A steel tape is corre’ 
50°C and finds it to be 1. 
4211.2 10-787C 

Ex Iv-3.15. The brass scale of a barometer reads correctly at 
0°C ( x=+20% 10-8PC), The berometer reads 75 cm at 27C, What 
is the atmospheric pressure at 0°C} (Ans 75.04 cm) [LLT 77) 
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Solution: All you have to do is to find the scale reading at 
0C. Now /,,;= lo ( 1+<t ) 
=75 (1420 x 10-6 x 27)=75 (1+54 x 10-*)=75.0405 cm 
Ex. IV-8.16. A steel meter scale is to be so prepared that the 
mm. intervals are to be accurate within 0.0005 mm, Find the 
maximum temp. variation allowable during the ruling of the 
mm mark ( Given « for steel=13,22 x 10-6/°C ) [I I. T. 64 ] 
Solution: From the given datum 1 mm mark ruled may be 
1.0005 mm, 
1,0005—n1(1-+13,22x 10-8 x1) 
or, 0.0005=13,22x 10-° xt 
5% 10-4 o, 
s tem 37, 8°C 
> tre Oe 
Ex. IV-8.16, A screw of pitch 0.5 mm is so mounted that it 
can move against one end of a 1 m long rod of which the other end 
is fixed, A circular scale attached to the screw has 100 div. At 
20°C the pitch scale reading is a little above the zero mark and the 
circular scale is 92 diy. At 100°C the linear scale is a little above 
4 div and circular scale reads 72 div. Find « for the material of 
the rod, (I. LT. ’67] ` 
Solution: The least count of the circular scale is 0.5/100 
=0.0005 mm, Hence the expansion of the rod 
em (4x 0°54+72x 0,005 )— (0x 0,5492x 0:005 ) 
=2+-0,005 ( 72—92 J= 2 — 0. 1= 1.90 mm 


1.90 


C =x 80 


=( 1,9/8 ) x 10-99523,75 x 10-6/°C 


IV-3.8, Compensated pendulums & Balance wheels of watches 


A. The time period of a pendulum depends on its length. 
Since its length increases in summer, the time period also increases 
and the clock goes ‘slow’. The reverse takes place in winter. 
Arrangement must be made in order that a clock ora watch may 
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keep correct time in all seasons, Such clocks or watches are called. 
‘compensated’, The effective length of a pendulum is the distance 
between the point of suspension and the 
centre of gravity of the suspended system. If 
this length remains constant the pendulum 
. keeps correct time. The pendulum bob is 
mounted on sods of two different materials in 
such a way that the downward expansion of 
one rod is equal to the upward expansion of 
the other. This is diagrammatically shown 
in fig, 1V-3.15 Let] and /' be the lengths 
of the rod and a and @ their coefficients 
of linear expansion, Their expansions for 
ture are Jat downwards and |'a't upwards. 
centre of gravity of the pendulum from the poin 
sion will remain unchanged if 
lot=I'a't 

or, Ijl'=a/a (iV.3,8.1) 

So for unchanging separa- 
tion between point of suspen- 
sion and center of the bob the 
lengths of rods should be in the 
inverse ratio of their @’s. 

The coefficients of iron and 
zinc are 0:00001 and 0:000028 
per °C respectively. Hence 
zinc rods used for compen- 
‘sating iron rods will have less 
than half the length of the 


latter. 
B. The clock BIGBEN on 


the Parliament House in 
London uses zinc for compen- 
sation. Its pendulum is as Fig. 1V-3.16(b) 


1° rise of tempera- 
The distance of the 
t of suspen- 


Fig. IV-3.16(a) 
shown in the fig. IV-3.16(a). Smaller clocks may have the pendulum 
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rod made of ‘invar’, an alloy of 64% iron and 36% nickel. (The 
name is derived from ‘invariable’.) It has an expansion coefficient 
of 09 x10-° per °C (about 1/13 that of iron). The very smali 
expansion of the invar rod is compensated by a brass tube 
[fig IV-3.16(b)]. 


C. Compensated balance wheels of watches. In watches the 
movement of the hands is controlled by the balance wheels which 
execute rotational oscillations under 

the elastic control of a steel spiral hair- 
spring, The time of oscillation depends: 

a on the effective distance, the radius of 

gyration of the rim of the wheel from 
a the axis of rotation The rim.is made 
of «wo metals, the outer being more 
expansible, This bimetalic rim is made 
in two or three paris (fig. 1V.3,17) 
each supported by an arm of the wheel. 
The rim also carries,small screw weights. When the temperature 
rises the arm expands, but the outer rim of more expansible metal 
curls in and brings the weights nearer to the axis, thus keeping the 
effective radius of the ring constant, With change of temperature 
the stiffness of the hair-spring changes and alters the time-period, 
The rim is arranged to compensate for this efiect also, The rim 

may also be of invar. 


Fig. 1V-3.17 


Ex.IV-3.18. A compensated seconds pendulum has a zinc disc 
as the bob of an invar rod, Find the length of the rod and the 
radius of the disc, Given g=980.7 cm/s? and «,,=26,3 x 10-&/C 
and 4 pp =0.9 X 10-8/°C. 


Solution: It being a seconds pencvlum (T=2n vilg= 2s) we 
have the effective L—g/x?=99,36 cm=/—]' where / is the length 
of the pendulum and /' the disc radius. Now from the relations 
L=- l and J/I’ =«'/4 we get 
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jes ara mee 
ae ea 


26.3 x 10-6 x 99.36 ay 
26,3 % 107 X77 = 102.9 =l-L= 
AHA Soil - el Nearly T 


D. Old compensated Pendulums ‘ Graham's Mercury Pendulum 
The bob is a pair of glass cylinders in @ frame with mercury 
and the rod is of iron, With rise of temp the laiter extends 
downwards which is balanced by the upward expansion of mercpry. 
The amount of mercury can be varied so as to maintain the separa- 
tion between its CG and the point of suspension of the rod 
invariable. 

Ke 

(b) Harrisons Grid Iron 

Pendulum [ fig 1V-3'18 a and (b) }. 

Since coefficients of linear expan- 

sion of brass and iron are in the 

ratio 32 2, two rods of the former 

and three ‘of’ the latter, all of age ass 

about the same length will have 
their total expansions equal and 
may be mate to provide an inva- 
riable length, as indicated in the 
sketch (a), They are so connected 
in series alternately that while 
iron rods expand downwards the 
brass rods do so upwards, keeping 
the effective pendulum length 
constant. An actual arrangement 
shown in (b) contains 5 steel rods 
and 3 brass ones. Scrutinise and 
you will find that effective expan- (a) (b) 

sion involves three of steel and two Fig. 1V-3.18 

of brass rods, only. The pendulum is clumsy and has long been 


discarded. 


aon r; 
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It is described only to illustrate the differential expansion of 
different metals, 

Ex 1V-3'19. What must be the relative lengths of brass («= 
19 x 10-8/°C) and steel (4= 11 x 10-6/°C) rods used in a grid-iron 
pendulum ? [Pat U. Gau. U] 

Solutions If J and l be the lengths of brass and iron rods then 
from the relation //I'=«'/« we have the required ratio to be 11 ; 19 

Ex [V-8,.20. A grid iron pendulum consists of 7 iron and 6 
copper rods, If each iron rod is 1-5 m long find the length of a 
cu rod given that «p, =12x 10-8/°C and a, ,=17x 10-5/°C, 

Solution: Refer to fig IV-3,18(b), Note that here 4iron and 
3 cu rods are effective. Then 47=3)' and Ij'=«'Ja. 


~ 4x150_17 oR 
A axr "w OE 141m 


Problem, A grid iron pendulum is made of 5 iron and 4 brass 
rods, If each brass rod is 50 cm long find that of each iron rod, 
[C.U] 
E. Loss or gain of time due to change of temp of a Pendulum 
Rod: With change of temp at a given place the length of a 
penduliim rod changes and so is of fixed length of 864000s, 
does its time period, Since a day with rise of temp, length increases 
and the pendulum loses, We can find the loss thus— 
T= /jjg and nT=1 


s ne tar 


or log n= log 1—log 2n-+4 (log g—log /) 
where n is the frequency or the beats executed by the bob. Since 
n depends only on / in this case, we get on differentiation, 


dy id lady 
eT tg ee (Iv-3.8.2) 


Where dn is the change in the number of beats and « the 
coeficient of linear expansion of the material of the pendulum rod. 
Ex IV-3.21, An iron pendulum makes 86405 osciliations a day, 
At the end of the next day it losea 10s, If 4=17x10-®/°C find 
the change in temp, [ Pat U., All. U} 
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Solutions . Here dn= —10s n=86405 
Fag ER ITX 10x Or t=19°7°C > 

Ex IV-3'22, An iron pendulum (y =36 x 10-6/°C) keeps correct 
time at 20°C, If temp rises to 40°C how much will it gain or lose 
per day ? (Ly, ’77] 

Solution: Here n=86400s, 4=7/3=12x 10-/°C, t= + 20°C 
Then dn=—4nat=—4 86400x12x 10-° x 20s 

= — 864 x 12x 10-8s—= — 80°36s It will run slow. 

Problem. A brass pendulum («= 18x 10-8/'C) beats seconds 
at 30°C. What will happen if the temp is held const at 20°C 2 
(Ans; 7°71s fast/day) (c. U.) 

IV-3.9. Coefficients of surface and volume expansion, When 
the length of a body changes with temperature, the area of ila 
surface as well as its volume undergo changes, 

A. Def : (1) The coefficient of superficial expansion is the change 
in area per unit area per degree rise of temperature, If S, and 
S, are the areas of any portion of the surface of a body at 
temperatures ¢, and tg respectively, then the coefficient of 
superficial expansion is 

pa S81 8S 
Sita- | ®t (IV-3'9 1) 
or, Sym Sy{l+Alty— t) (IV-3:9:2) 

(2) The coefficient of cubical expansion is the change in volume 
per unit volume per degree rise of temperature, If y, and V are 
the volumes of a body at temperatures ¢, and tą respectively, then 
the coefficient of cubical (or volume) expansion is 

Y-Y. êV 


G ACEA] ATN (IV-3:9°3) 
or, Va=V {l+ (ta —t,}} (IV-3,9,4) 


Like the coefficient of linear expansion, these coefficients also 
depend on the temperature scale only and are expressed in per °C 
or °F as unit, 

The coefficients p andy defined above are really the mean 
coefficients between t, and ty. 
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B. Relations between 4, P and 7 = 
“Let a square of sides cm be heated through 1C’, Each side 


becomes / (1+4) cm and the area /* (14-6) cm?. 
pappe ta or V+pH1+24+4, or f=2« 
(«? being neglected as < is very small). 
Tf a cube of sides / cm be heated through 1 C°, the sides become 
(1-+«) cm and the volume is changed to 1° (1-47) em®. 
n PA= or, 14+ 7=1+34-4+349-+4? or, y= 3 
(a2, 43 being neglected), 
[Since « is very small, «2, «* are smaller still, For example, if 
« is 0°0000), then «2 m= (0000000001 and «%=0'000000000000001 , 
We are, therefore, justified in neglecting 42 and «3 compared 
` with 4}. ` 
Thus <= 4p=47 . (1V-3.9.5.) 
The above relations con be yery- easily deduced by using 
calculus, Note that when changes are very small, 
2) Qh 
ore oe mL erate Samy i 


dy d) _3i9.dl_, dl 34 
Vat Tat idt bdr 


or <=} ply 


and y=——_ 


IV-8.10, Expansion of a hollow vessel, (a) A hollow vesset 
will expand as if it were solid, Its expansion will be outwards, 
not inwards. Inward expansion will reduce its surface area, But 
heating causes expansion of the surface area also, 

(b) If an annular ring is heated, its inner diameter will increase, 

` The circumference of the inner ting will undergo linear expansion 
yh rise in temperature. Hence its diameter will also increase. 

‘© A hollow cylinder of diameter d and Tenth / will change its 
dimensions to d(l+<«t) and [(1+<#) where « is the coefficient of 
linear expansion of its material and ¢ the rise in temperature, The 
old Yolume V=;xd?]. The new volume Vi=4nd? Ataa) 
=4ad?l(14a1)3= V (143a +3021? +a5t8)= Y (+3at)=Vil-+70), 
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where y= 3= coefficient of cubical expansion. (427? and «43t, are 
ignored because of their smallness). ig 
IV-3.11. Change of density with temperature. The density 
of a substance is its mass per unit volume. Since the volume of 
a given mass of a substance changes with temperature while its. 
mass remains constant, the density undergoes a change with change 


of temperature, 
Consider a body of mass m. Let V, and p, be its volume and 


„density respectively at temperature 1; and F3 and p, the corres- 
ponding values at #3. Then from the definition of density we get 


m=V, pi =V Pa =Vi {1 +743- t,)} Pa from eqn IV-3,9,4 


Hi 
om "TH (1V-3.11,1) 


=py{l—r(tg—#))}, since 7(#) #3) is small, 
Writing ¢ for (fa — t1) we have 
P2 =p; (1-70) 
if the values of p at two temperatures are known, 
equations may be applied to find 7, 


(IV-3,11,2) 
These 


Ex 1V-8.28. The density of lead at 0°C is 11,34 g/cm®, What 
is the density at 100°C, given that « of Jead =28 x 10-® per °C p 
Solution The coeff. of volume expansion 7 = 3« 
=3x 28x 10" =84 x 10-6 per °C, 


From equation 1V-3.11.2 ,=P3(1—7#) 
= 11-34 (1— 84x 107° x 100)= 11°25 gjemŝ. 


Ex IV-8.24. Show that change in density ap for a rise in temp 
of aris given by Ap=p7.AT- 
Solution: From eqn, iV-3.1 1.2 we find 


ead =. AP=YpPAT 
7 
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Ex [V-3.25. A uniform pressure p exerted on all sides of a 
cube reduces the volume ata temp ¢. By how much the temp is 
to be raised so as to restore the original volume with the pressure 
still on, Coeff of volume expansion is y and modulus of volume 
elasticity K, (LLT. 78] 


Solution: Let the change in volume be — 5V and required rise 
in temp ôt. Now by definition. 


REC oe ah. Now: OF 
—ôV]|V K K eyy „ôt 
Or at= yr zh. Let V be the initial and ¥’ the diminished 


volume and 1’ the temp at which the volume is restored, Then 


atest E r- EI j$ 


Ww 
ye yeas AA G 
VK 


Or V'V=1—V/K=(K-V)[K or V/V'=K|(K-V) 


(lh Mo aihe 


Iv-4 
EXPANSION OF LIQUIDS 


1V-4.1. Real and apparent expansions of a liquid. A liquid has 
no shape of its own ; it readily takes up the shape of the container, 
We cannot therefore speak of linear or superficial expansion of 
aliquid, Liquids have volume expansion only. The expansion of 
liquids is roughly ten times that of solids, 

The volume of a liquid varies in a complicated way with tempe- 
rature, In general, the relation is of the form 


V,=V,(1--at+-be? +-c12 +++) 
where a, b, c are constants of fast diminishing magnitude. 


For example, for mercury 
V, =V ,(14+18144 x 10-41-7016 x 1079124-2'86 x 10-2148 +...) 


Mercury is’ a liquid of expansion rather much more uniform 
than that of others, for here b is much smaller than a, See fig 1V-4.2, 

When a liquid is heated the container is also heated along with 
it and expands, The expansion of the vessel masks the expansion of 
the liquid and makes the latier appear smaller than its real value, 
i.e., the apparent expansion of a liquid (i.e, the expansion of a 
liquid that we see) is less than its real expansion, 

To show the expansion of a liquid and that of the container, 
Take a litre flask filled with’ coloured water. 
Fit a cork to it through which passes a 
glass tube with a narrow bore (fig. 1V-4.1). 
By pushing in the tube oF pulling it out as 
and when necessary, the level of water in the 
tube may be made to stand at any desired 
height (say at A). Pat an ink mark there. 
Now plunge the flask suddenly in hot water ; 
the water level in the tube sinks. The 
reason is that the flask has expanded due to 
heat, but no heat has yet entered the liquid, 
Later as the liquid heats up the water in the tube rises and 


Fig. IV-4,1 


5 
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moves past the former'mark A, say upto C. Fig, IV-4.2, shows 
the expansion of different 


105 
E liquids for the same rise in 
5 E 
a 4 temp. 
8 ; rn IV-4.2. A. Relation between 
3! real and appatent expansion. 
i In fig IV-4.1 let Abe the 
RR so) initial level of water in the 
oc 50°50°C 100°C b t B 
' (a) temperature tube at a temperature ¢,, 


i the position which the level 
Fig. 1V-42 “© would occupy if the vessel 
alone expanded to temperature fg without any expansion of the 
liquid and C the final position of the level when the liquid is also 
at ty, 

a The apparent expansion of the liquid is AC while its true 
expansion is BC ; AB is the expansion in volume of the vessel, all 

for the same rise of temperature from f, to fa. 


From the figure BC =AC+AB 


bad Or, the real expansion=the apparent expansion 
-++-the expansion of the vessel. 


B. Coefficients of real and apparent expansion. So for liquids 
we have two coefficients, the coefficient of real K: absolute) 
„expansion and that of opparent expansion, 


(i) The coefficient of real (or absolute) expansion (y,) is the 
true increase in volume per unit volume of the liquid per unit rise 
of temperatnre. 


(il) The coefficient of apparent expansion (y,) is its observed 

= increase in volume per unit volume per unit rise of temperature. 

Y, is the value of the coefficient of expansion as w find it when 

We ignore the expansion of the container, In finding y,, we have 
~ to consider the expansion of the container. 


a 
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C. Relation between coefficients of real and apparent expansion. 
Let V, be the volume of a given mass of liquid at the lower 
temperature, 
V be its true volume at a temperature °C higher than the 
former, 
V’ be its apparent volume at the same higher temperature, 
y, and 7, be its coefficients of real and apparent expansion, 
sy y, be the coefficient of volume expansion of the material of 
the vessel . l 
Then V—V, =the real expansion of the liquid, 
V' —V,=its apparent expansion, <~ 
and ¥,7_,t=the expansion of the vessel. 
Then Real expansion = Apparent expansion- Expansion of the 
vessel V—V,=(V'—V,)+V¥,75% 


or, a eA É = +7) e 

By definition, the term on the left hand side of the equation 

is the coefficient of real expansion, and the first termon the right 
hand side is the coefficient of apparent expansion, 

7, =7 atts (IV-4,2,1) 

The initial temperature may be °C or have any other value, 
This shows that whether we consider the zero coefficient or the 
mean coefficient, we get the result that, 

The coefficient of real expansion of a liquid=its coefficient of- 
apparent expansion + the coefficient of volume expansion of the 
material of the vessel. 

“as for solids, if the initial temperature is 0°C, we call the co- 
efficient the zero coefficient, if the initial and final temperatures 
are t,°C and 1,°C, then then the coefficient is the mean coefficient 
between z; and fy. Note that the zero coefficient is also a mean 
coefficient—=that between 0°C and °C, It is not necessary to. take 
V, always as the value at 0°C, while the temperatures of observa- 
tion are 1,° and ts’, both different from 0"C, 


> 
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If V, =volume of a mass of liquid at t,°C, 
Va = Volume of the same mass of liquid at t,°C, 
then the mean coefficient 7 between 7,° and t,’ is 


ik Pep (IV-4,2.2) 
Vilta y ty) 
or, Ve=V,{l+7(te -tih (IV-4 23) 


¥, 80 defined, will be the apparent or true coefficient according ~ 
as the volumes are the apparent or true volumes of the same mass 

The following table gives the values of mean 7, of some liquids | 
over a small range around 18°C, unless otherwise stated, The 
values are per °C. The expansion eoefficient generally increases — 
with rising temperature, 


Substance ta Substance a 
Water (5° to 10°C) 5'3x10-" | Mercury 18 1x 10-5 

» (10° to 20°C) | 15:0 x 10-5 | Glycerine 47x 1075 

» (20° to 40°C) | 302 10-8 | Benzene 122 x 1075 

sy (40° to 63°C) | 458% 10-5 | Sulphuric acid 

„ (60° to 80°C) | 58.7 10-8 (pure) 56 x 1075 
Chloroform 127x 10-5 | Olive oil 10 x 10-8 
Peniane 155 x 10-8 | Alcohol (Ethyl) 108 x 10-5 
Ether 163 10-* | Turpentine 96x 10-5 


IV 48. Change of density of a liquid on heating. Though 
expansion of the vessel masks the expansion of the liquid, it cannot 
affect the change in its density with rise in temperature. The 
coefficient of real expansion bears a simple relation to the change 
in density and may be determined from observations on the Jatter, 

Let V, be volume of a given mass m of a liquid at the lower 

temperature, 
V be its true volume at a temperature 7°C higher than the 
colder temperature, 
P. be density of the liquid at the lower temperature, 
P be its density at the higher tem perature, 
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and y =the mean coeffieient of real expansion between the two 
temperatures. | 


Then p, ="; p= and V=V,(1+7,t); 


7, 
m om 1 

50 PED Fen AEE 

a Plana thes (1V-4,3,1) 

IF7,f 


When 7 ,t is small enough we may write by Binomial Expansion 
p=p,(1+7,t)"?=p.(1—7 1) (IV-4,3,2.) 

Example IV-4.1. A’ glass hydrometer reads sp, gr, of a liquid 
as 0.92 at 45°C, What will it read at 15°C (7 ;==52,5 x 10-*/°C 
and 7, =2.4% 10-5/°C) ? (Pat. U.) 

Solution: In the cgs system sp, gt. and density are numerically 
the same, Let V and V' be the volumes of the hydrometer at 
15°C and 45°C and p and p’ be the densities of the liquid, Then 

Vi =V(L+71) and p'=p\1 -7 t) 

Again the mass of V volume of the liquid= 

Now V=V'(1+71)"!=V'(1—78) and p=p'(1+7 t) 

< Vo=Vi(l—2)p'\(l +778) 

4 p= (i —2,4x 10- x 30) x 0.920 (1+52.5 x 10- x 30) 

=0,9345 

Ex. Iv-42, A cylinder 20" high floats vertically in mercury at 
°C. If the common temp rises to 100° by how much will the: 
cylinder sink 7 Cubical expansion of mercury between 0°C and 
100°C-=0.018153 and linear expansion of iron between 0’ and 100°C 
=0.001182, Sp, gr. of iron and mercury at 0°C are 7,6 and 13,6, 

: (Pat. U,] 


Solution: Note that total expansions between two temp are 


given, not the coefficients, Hence 
Y He =18,153 x 10-8/100°C= 18,153 x 10-*/°C, 
YFe=3%1,182x 10-8/100°C = 3.546 x 10-£/°C. 
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Let | and 7 be the immersed lengths of the cylinder, A «nd A’ 
its areas of cross-section at 0° and 100°C, 


(P.)Fe= 7.6 X 62.5 Ibs/cuft and (P, Hg =13.6 x 62.5 Ibs/cuft. 
+. (pyg9)Fe= 7:6 X 62.5(1 — 3.546 x 10-5 x 100) 
(0100) He =13.6 x 62.5(1 — 18,153 x 10-* x 100) 
By the law of floation we have 4 
20X4, XP. Xg=l, XA, X(P.)'8 o (A) 
and 20(1-+1004Fe). A100: P1008 =l1004100(P100) 8 (B) 
20P, _20%7.6%62.5 _ 14 176" 
From (A) we get /,= A Poy Lee 176' 
From (B) we have 20(1+4 1.182 10-*)p,(1 — 3.546 x 10-8) 
=I, oo:P,(1— 18,153 x 10-8) 
Or, . 20(1--0,001 182) x 7.6 x 62.5(1 — 0.003546) 
=l, 00(13.6 X 62,5)(1 — 0,018153) 
= 11.355", So the cylinder sinks by 
(11,355 — 11,176) =0.179", 
Problem: The weights of 1 co of water at 0°C and 4°C are 
0.999874g and 100g, Find y, for water between 0°C and 4°C, 
Ans. (-—3.15x 10-5/°C) [ H.S. ’68 ] 


(Compare the value in the foregoing table) 


hoo 


IV-4.4. Methods of Measuring the Coefficients of Expansion of 
a liquid, There are two broad classes—one for apparent coefficient 
the other for real expansion, The former may be called the 
method of envelopes and the latter the method of balancing columns. 

A. Principle of method of Envelopes: The liquid is contained 
‘in a bulb shaped container, When heated, some of the liquid is 
allowed to overflow and is weighed as in a weight thermometer 
or it is forced into a graduated stem as in the yolume thermometer 
ie,, a dilatometer, 

(1) Determination of coefficient of. apparent expansion of a 
liquid- Weight Thermometer method. This can be easily done 
with a specific gravity bottie. 
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(a) Principle : Let M be the mass of the liquid required to fill 
the bottle at temperature t, C and M, the mass required to fill tke 
same bottle at ta°C. As expansion of the vessel is small compared 
with that of the liquid, disregard the expansion of the vessel and 
assume that the vessel has the same volume at both temperatures, If 
p, and p; are the densities of the liquid at 1,°C and t,°C respec- 
tively, then the ‘volume V of the vessel is given by 


V=M, |p, Mal Pz 
But by Eq. IV-4.3,1, we get pall trta =t,)}=Pi- 
Here y is the coefficient of apparent. expansion since we have 
disregarded the expansion of the vessel, 
My p BAEAN 14 7,(5-11) 


Ma Pa Pà 
2M} . (IV-4.4.1) 


M M 
y(t -n=l a= 

or Yaltanti) Ma or MEPR) 

M,—Mą is the mass of the liquid, expelled from the vessel 
when it is heated from t,” to 14°C, and Mg is the mass retained by | 
the vessel at the higher temperature. Hence we may write. 

mesa BM SROUES tate (1V-4.4.2) 
a= mass retained x temp. rise 

(b) The experiment consists in 

(i) Weighing @ dry and clean specific 
empty (Mass=m,) 

(ii) completely fill 
wiping it dry and weighing 2 

(iii) noting the tempera 


(iv) heating the bottle in a wa 
°C) for several minutes, 


gravity bottle when 


ling it with the liquid, inserting the stopper, 
gain (Mass =m) 
ture of the liquid in the bottle (°C); 
ter bath which maintains & 
steady temperature (fa The extra liquid is 
expelled through the bore in the stopper. > 

(v) Noting the temperature of the bath (°C). 

(vi) Wiping the bottle dry, allowing it to cool, and weighing it 


again (Mass=ms). 
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Then mg—m,=M, and mz—m,=5M,, Eq. 1V-4.4.1 is then 
applied. This gives the coefficient of apparent expansion. 


(c) To get the coefficient of real expansion of the liquid, we 
may then apply Eq, 1V-4 2.1., if the coefficient of volume expansion 
of the bottle is known, Or else we can proceed as follows : 

Bro Mi Va Mi yy 
Pa 'M, * F, AGE n) | 

But from eqn. IV-4,3.2 we have P;/Pg=1+7,(tg—1) 

Equating, 1+-7,(t4 — 4,)=(M,/Ms)[1+7, (tat) 

y _ M,-M, M? M,.,. (IV-4,4,3) 

Whence 7,= 1 = "344 ty | =7,+—17; 

i Malta —t,) My M, 

The method is capable of high precision. 
It is said to be a weight thermometer for the 
temperature 7, of a liquid bath can be 
accurately determined if it can be held 
constant. A weight thermometer in actual 
use is shown in fig. IV-4.3, To fill it with 
liquid initially it is to be heated and cooled 

Fig. 1V-43 alternately with its mouth kept dipped into a 

vessel of the liquid. 


Ex. IV-4.3. A weight thermometer weighs 50g when empty, 
163.13g when filled with glycerine at 0°C and 157.65g when filled 
with glycerine at 100°C, Find the coefficient of real expansion of 
glycerine, given that the coefficient of cubical expansion of glass. 
is 27x 1076 per °C. 

Solution: From equation 1V-4,4,1 the coefficient of apparent 

expansion of glycerine is 
mass expelled 
mass retained X temp, rise 
163,13 — 157,65 5.48 8 
~ (157.65— 50) x 100° 107.657107"? X 10-#/°C 
t. Coefficient of real expansion =0,000509-+4 0,000027 
= (50,9 4-2.7) x 10-5 /°C =0.000536 per °C, 
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Ex. IV-4.4. A vessel is completely filled with 500g of water 
and 1000g of mercury, 3,52g of water overflows on supplying 
21200 cal of heat. Fina y {or mercury. [ LLT. °76 | 


[ Given y for water =15x 10-2/°C, p for mercury and water» 
13.6g/cc and 1g/cc respectively and s for mercury=0.03 cal/gm/fC.] 


Solutions Let the rise in temp of water and mercury be 7. Then 

500x1x14+1000x 0:03 x1= 21: 200 cal ~. t= 40°C 
Expansion of water=V7,1=500 x 15x 10-7" x40=3 cc 
Expansion of mercury =(1000/13,6) x 7x 40 ce 


So total expansion= See x 104 ce 


The volume of water expelled =3,52/' 
where p’ is the density of water after a 40°C rise, 
Now p’=p,1—Y,t)=l1-15x 10-5 x 40) 


3,52 
Eo St: = 06) = 3,54 cı 
. Volume of expelled water 76x 10-2 3,52(1.06) C 


Now total expansion of the liquids= volume of water expelled 


 34-7.(4% 104/13.6) = 3.54 


0.54 x 13.6 = 
“op e TAa KIONA 
fai E ‘ 

Problems’ (1) If 7, for mercury in glass be 1/6500, find the 
overflow of mercury from a weight thermometer containing 400g 


of it at 0°C when heated to 90°C 7 (Ans. 5.472) [0U] 


(2 A glass bottle in melting ice contains 300g of mercury. 
How much mercury will overflow if it is maintained in boiling 
water at 76 om,of Hg.7 (7, for mercury = 1/6500), Would the 
overflow difier if the atmospheric pressure falls considerably ? A 
(Ans, 4.55g ; Yes) {c¢. 0.) 


£ 


(2). By Volume Thermometer or Dilatometer method- 
(fig 1V-4.4). It is a long glass bulb attached with a graduated stem. 
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of narrow bore up which a liquid rises on heating say from V, to V, 
which can be directly read off. It is used chiefly for volatile 
liquids, Note that the liquid-in-glass thermometer 
is same as the dilatomer. With it 
al IND ol 
S Volfa =t) 


is the usual formula. To find 7, let us remember - 


that V, is really V, (1-++7 (ty —f,)), where 7, is the 
Ve volume coefficient of expansion of thè material 

of the vessel and V,7,(r,—1,) is the volume 
Vo expansion of the vessel. So 


Increase in volume 
=V, {i+y, (tg-t)- Vi.=v. iD (tg-t,) 


cM A il aed Vi”, (3—1) sity) 
Vafa =t) 
SPV Wa Ki 
Villg—ti) Ve” 
Fig: 1V44 arth, (1V-4.4.4) 


— an expression very similar to that for the weight thermometer 


Bx IV-4,.5,: 7 for mercury is 18x10-5/C and « for glass is 
8x 10-6/C, Jna graduated tube mercury occupies 100 div. Find 
the rise in'temp to cause the mercury occupy 101 divisions, 


[Lond. Matric] 


Solution: Let t be the required rise when the length of the’ 
mercury thread becomes 100 (1 +0,000187) 


101 div=100 (14-0,00018/) or 1 div= OR 
gr But each division of the tube is 1-4-0.00008r div for 1°C rise. 
100 č 
Tott 000018) = 1 +0.0000087 ù 


J 
100-+-0,018¢=1014-101x8x 10-6 x4 g 
s t (48x 10-* — 808% 10-8)=1 or 1=58.2°C. 


- 
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Ex IV-46. A long uniform capillary contains a Im: long 
mercury thread at 0°C. At 100°C the thread gets 16,5 mm longer. 
If y,=18,2x 1075°C find 7 for glass. [H.S.’60) 

Solution: If A, be the area of cross section of the capillary 
at 0°C and A;o% of the same at 100°C then Axon =A.(1+8.100) 
=A,(1+-24.100) where «and $ are linear and superficial coeffi- 
cients of expansion of glass. Again the volumes of mercury at 0° 
and 100°C are respectivly 100 A.cc and 101.65 A; 00 €C 

Expansion of mercury=101.65 Asoo ~ 100 A.. ý 
„10465 A, (1424.100)— 1004. _ 4g 9 caer er 
r= 100 4, x1 =18,.2% 1075 (given) 
101,65 — 100-200 x 101.654=1.82 or «=8,.3 x 10-6/°C 


Problem: The cross section (S) of a mercury thermometer 
remains constant and V, the volume of the bulb at 0°C is just 


filled with mercury at ice point, Find the length of the mercury 


column at 2°C (das. 1=V, (= 34)\1/S). 

B. By the sinker or upthrust method 
bulb weighted with lead 
shots is weighed in a 
liquid at two known 
temperatures t, and fa: 
Now if m; is the apparent 
loss in weight of the bulb. ; 
immersed in liquid at ty (sa 
and m; that at temp fa 
then by Archemedes 
principle we have 

mMm, =V’; and m,= 
vapa where m, is the 
weight of the liquid 
displaced by the bulb a 
att, and mo that at tp Fig, IV-4.5(a) 
C; vý and vy are also the volumes of the bulb at. the 


(fig IV-4.5a): A glass 


[ites | A 
VIII LLL LLL LLL 
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two temp, Then we have as for the weight thermometer 
m, |mg=(¥3/¥a) (01/02) 
Then proceding exactly as there we gét 
>M- Mm, miy 
ve mata cn) m £ 


Now we find mi and m, ; If the sinker weighs w,g inair, Wg 
in the liquid at 1, and wọ in the liquid at f} then clearly mf 
=W,—W, and mg = w,—ws. Then in terms of these weights. 


Wa- W. eZ 
3 2 1 ay 
re (W, -Witr MA zW, ji 
fiv-4,4,5) 
and 7,=—_Ws-Wa Ss av-4,4.6) 


(W,— Wa)tg—ty) 
In this method a continuous set of records 
may be taken in the course of a single 
experiment and the mean coefficient between 


any two temperatures within the range 
Fig. TV-4,(5b) determined. 


The experiment can be easily carried out by a simpler 
hydrostatic balance as shown in fig 1V-4,5 (b). 


IV-4.5. Change in Temp and Hydrostatic Balance Expts : 

A. Apparent loss in weight of a solid in liquids of changing 
temperatures: As density of a liquid falls with rise in temp the 
force of buoyancy or upthrust on an immersed solid diminishes 
and the solid appears heavier, At the same time, the solid 
expands displacing more liquid thereby raising the upthrust, The 
change in resultant upthrust is the difference of the two. As 
coefficient of volume expansion for a liquid is generally ten times 
that of a solid, Joss in weight with rising priotite, diminishes 
for the solid, 

The loss in weights of the solid at two temp is from above mj 
and m}. We have seen 
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mg=VoP, where Vg=Vol of displaced liquid 
=Vol of solid at t 
=V,(1+-7t)p,(1—7,t) where 7 is volume coeff of the solid, 
=V,p,(1+28)(1 =r) =m (1+ 781 = ret) 
Em, [1 (r= NE] (IV-4.5.1) 
neglecting the product 77,t which is of the order of 10-11% 

So m, >m, and hence Ws>W, ic. apparent weight of a solid 
rises with temp, 

Ex. Iv-4.7, A glass piece weighs 47g in air, 31.53g in water at 
4°C and 31,75°C at 60°C, Find the mean coefficient of cubical 
expansion of water between 4°C and 60°C when that for glass is 
24x 10-6/°C {c, U.) 

Solution: Here m,=47-3 153m 15,47g 

aud mg=47—31,75= 15,253 
From eqn IV-4.5,1 We obtain 
15,25 = 15,57 (1 —(7,— 24x 10-*) x56) 
=} 0,21 
Or y,~0,000024— Lea araa WAA 
y,m=0'000266/°C = 26,6 x 1075C 
Alternatively, Vol of glass at 60°C==Vol of displaced water 


=15,47g, Vol of glass at 60°= 15.47 [1-+24 x 10-8 (60 — 4)) 
= 15,49 vol of displaced water at 60°C 


Again wt of displaced water at 60°C = 47— 31,75 15.25 g 
4 Py at 60°C= 15,25/15.49 
Then (pg)e0=(e~)a (1-7(60-4))] 
Beal —y.56) for (pa)a = 1 gee 
15,2) 024 
Or 567=1 -1549 = DAJ 
Or y=0.24/(15,49 x 56)=27,6 X 1o-8/°c, 
Exlv-48. A metal piece weighs 46g in air and 30g in a 
liquid of sp gt 1.24 at 27°C, it weighs 30,5g at which temp the sp. 
gr of the liquid is 1,20, Find « for the metal, [LI T, 74) 
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Solution : Loss in weight at 27°C is 16g and at 42°C is 15,5g. So 
the volume of the solid at 27°C = 16/1.24 cc. So for the solid 

Vaa =(16/1.24) [i47.15]=(16/1.24) [1 +34x 15] 

Again at 45°C loss in weight=13.5g—wt of displaced liquid 

Vol of displaced liquid= 15.5/1.20 cc=vol of metal at 42°C 
_ So we have E NETE] or 4=23.1x 10-9PC 

Problem: A metal bob weighs 50g in air and 45 gina liquid. 
at 25°C and 45.1g in the same liquid at 100°C, Find 7 for the 
the liquid if « for the metal is 12x10-6/'C, (Ans. 30.6 x 10-5/°C) 

[LLT. ’73] 

Ex Iv-4,9. A sphere of diameter 7 cm and mass 266.5-g floats 
in a liquid bath, As temp rises the sphere begins to sink at 35°C, 
Find y neglecting the expansion of the sphere if (p) of the liquid 
is 1,527 gjce. 

Solution: Vol of the sphere=4ad5=2, 22 JUPE: 179.6 cc 
When the sphere starts sinkiag at 35°C it must displace its own ý; 
volume of the liquid of which the wt would be 179.6 p,;. 

1, 179.6 py,=266,5g—the wi.of the sphere, 

Or pas =266.5/179.6=p, (1—7 t)==1,527 (1 -— 7.35) 


Or Rajz OOS 
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B. Volume coefficient of a solid at different temp ranges can 
be found by the specific gravity method by weighing it in a liquid 
of known volume coefficient of expansion 7 at different temp, The- 
weight of the solid in air and the liquid at two different temp are 
taken from which its sp, gr at these two. temps are found, 

Be ‘M=mass of solid, V,, V, its volumes, o,, pg its sp. 
_ Bravities at temp 7, and 7,,4;-andd, densities of the liquid at 
these temp then p,=M/V,d,, pa=M/V,de 

or pi/ps=(Vo/Vs) (4, /2,)- 

=(1+7, (t~i) (+7, (t2) = (LV-4,5.2) 

p, and p; the sp, gravities, are experimentally determined. 
From known value of 7, we can find 7, in the temp range (ta — t1). 
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1V-4.6. Determination of the coefficient of real expansion of 
aliquid: Dulong and Petit’s method. This is also known as the 
method of balancing columns. The apparatus is represented in principle 
in fig, 1V-4.6. The arms AB and CD of a U-tube are surrounded by. 
a jacket each, The experimental 
liquid, say mercury, is poured into 
the U-tube» When the tempera- 
tures of the two arms are the same, 
mercury stands at the same level 
in both, Cold water is then circu- 
lated through one of the jackets and 
steam through the other, As the 
temperatures of the mercury columns 
change, the density changes also. 
Since under all circumstances the 
hydrostatic pressure .due to one 
“column is equal to that due to the Fig. IV-4.6 
other, the heights of the- columns in the two limbs of the U-tube 
will be different when the temperatures are different, To prevent 
the flow of heat from one limb into the other the horizontal part 
AC of the U-tube is kept cold, The temperatures in the jackets are 
read off from thermometers T, and Tz. 


Let C= difference temp. between the hot and the cold limbs, 
h, and h=heights of the liquid levels in the cold and hot limbs. 
respectively above the axis of the cross tube AC, p +" 
P, and p=densities of the cold and the hot liquid columns 
Since the hydrostatic pressures due to the liquid columns must 
balance each other, we have 


hoPog=hez OF, 42 =o LOH 1 479, 
0 


hot . (IV-4.0.1) 
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As in all experiments, there are some sources of error in this 
experiment too, For example, the temperature in either limb is 
not constant and equilibrium is never established. Besides, the 
‘exposed columns of the liquid are at temperatures different from 
those inside the limbs. The arrangement was later modified to 
minimize such errors, Callendar and Moss putting six tubes in series, 

The determination of y, for mercury is a matter of great 
importance, Froma knowledge of this value 7, for any container 
may be calculated. This is a better method than taking 7, to be 
three times the coefficient of linear expansion, particularly for 
glass. Once 7, of a container is known, it may be used to find 
Ya for any other liquid. Hence 7, for the latter may. also be 
found out, Since mercury is the liquid used in pressure gauges ond 
barometers, an exact knowledge of its density is necessary for the 


accurate determination of pressures, E 


Ex 1V-4.10. A mercury column 76.35 cm long at 100°C 


balances'another 75 cm long and at 0°C, Find 7, [H.S. 79] 7 


Solution $ path K-T 18 x 10-5 PC 


A.t T3 X Lv 


Problem. A U-tube contains aniline, the limbs being surroun- 
ded one by melting ice and the other by steam. The colder limb 


is 31,8 cm long and the liquid heights in the two limbs differ by ` 


2.7cm, Find 7 for aniline, (Ans. 8.5 x 10-4/°C) 


1V-4.7. Two Related corrections, A, Barometer correction, 1 
a barometer we measure the length of a mercury column by a metal 
scale, With rise in temp two-fold change occurs—(i) expansion of 
the scale graduations (see fig 1V-3.15 and also the example of same 
number) and (ii) lowering of density and consequent increase in 
height for which corrections become necessary, 

(i) Scale correction : ‘If the scale reads correctly at 1°C and 
the barometer reading taken at some other temp #, then the 
barometer reading h corresponds to a corrected height H given by 

Hexh [1+« (t-1,)] (EV-4.7.1.) 


i 


4 


> 
oy 
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where « is the coefficient of linear expansion of the material 
of the scale, 


mm mm 

A nomograph {fig (IV-4.7)] devised th 35°C 
by Mehmeke provides a simple method NRE a 
of correcting the barometer reading for i 
temp if the scale is graduated at 0°C. nod 3° ae 
For example let the observed reading si 
at 17°C be 751 mm, Join by a st line 7504 304 |- 25°C 
ihe corresponding points on the two 
scales, The intercept on the latter, 2.1 rao ie | eae 
mm is the amount to be deducted ats 3 
from the observed height to reduce the ý n20 
reading to 0°C. A Bah 5 150c 

Ex. IV-4.11, A barometer has a Šio ik 
brass scale correct at 50°F, reads 754 ifs ope 
mm at 40°F, what will’ be the true 700 
height at 32°F, Giyen «=æ18x 1076C, > 50 
y=18x 10-/°C (u) 4” 


Solution: Since 1F°=(5/9)C we 603 oL ox 
have t,=§ a, =10-5 PF and} =10-4fF, 


Here t,=50°F 
a 75410-4400 aw 254{1 = 10°*) _ 753. 32mm 
"> Hsa 1410 *(40- 000 "4 


Problem: Fiad the temp at which no temp correction would 
be necessary if the brass scale has been correctly graduated at 


15°C, (Ans. =1,76°C) : + 


Fig. 1V4.7 


(ii) Density correction: The corrected barometric pressure 
should be Hpg where p is the density of mercury different from P, 
the density at 0°C. We have to find H, the mercury height at 
OC that will exert the same pressure as the mercury height H docs 
at tC, Clearly then, 


6 


82 


Hp ga Hpg. or H,/H=p|p.=1-+7'st 


H hlaste 4 
ty eo a ey (LV-4.6,2), 


If however ¢, =0°C then 
Heh (1t) (147.1)! =A(1 far) (1 — 7,0) 
ge AES aot [1- (7. x)t] (since 7, «1? is a small quantity). —_(1V-4,6.3) 


# $ i Apply this formula to solve the sum aboye). 


? 


B. Correction for Exposed stem of a thermometer, Æ 
thermometer when measuring the temp of a liquid bath has only” 
its bulb inside but the rest of it outside the. bath, Obviously its” 
two parts are at different temp and so are the mercury in the bulb 
and the capillary. Some heat loss and so fall in temp would occur 
at the capillary ; so a correction becoms necessary, i 
Let a thermometer be so immersed in a liquid bath at 1°C that 
n of its divisions are exposed to air, Let it read z’, and let t, be 
the mean temp of the exposed cohimn, Let 7, be the apparent 
coefficient of mercury in glass, To calculater—7' we take the | 
volume of one degree division as the unit of volume, - The exposed 
n divisions are heated from ta tO t then the expansion of mera 
would ben 7, (t= tn), 


Hence t—t'men 7, (t~1,)—en7, (t — tn) [for =t) (IV-46 4 3 


Ex, IV-4.12, A mercury thermometer immersed wholly in 

+ `" boiling water reads 100°C, When the stem isso withdrawn that “4 
all the graduations above 0°C are at an average temp of 10°C, : 
find the thermometer reading if 7a=15.8 x 10-5/°C, 


Solution : ° Here t=100, n=100, f= 10°C, 
100 — f= 100 x 15,8 x 10-4(100—10) -15 8x 101! x 91422 
‘ fmm 100 — 1 4=98,6°C, 
č Néte: Hít is given, you can find Pa + 


= IV-4.7: Anomalous expansion of water. A liquid expands 
i F when heated ; but water at 0°C is an exception, „When heated from 
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0°C water contracts as the temperature rises. This continues to 
about 4°C, above which point a rise in temperature ' causes 
expansion, Water, therefore, has maximum 
density at about 4°C, An exact knowledge 
of the temperature is important, since the 
litre has been defined asthe volume of one 
kilogram of water at its maximum density. 

A. Constant volume dilatometer. The 
anomalous expansion of water may be demon- 
strated by it, Fig, IV-4.8(a) represents a glass , 
vessel with a tube of narrow’ bore fitted to 
it, The tube carries a scale, The vessel 
contains mercury which occupies one-Seventh 
part of the volume of the vessel, The rest Fig, IV-4.8(@) 
is filled with water, which rises to certain height in the tube, 

In it the space abve mercury inside the flask remains constant 
at all'temp, For, when the temp is raised, the vessel expands and 
the volume of the flask increases ; simultaneously mercury inside, 
expands reducing the empty volume within the flask, The volume 
of flask and that of mercury within it are so adjusted that their 
expansions (being opposed to each other) just cancel out, 

Amount of ‘mercury in a const yolume dilatometer can be 
calculated as» follows; Glass bas generally an < value of 
9x 10-0 go that its p-value of 27x 10#/"C whereas that iof 
mercury is 18 10-8/°C, Let y be the volume of the flask and. 
Y’ that of mercury inside, Let both of them be raised by °C, 
Then by the condition ‘of the problem the expansions are equal, 
1=V Y mt OF VV =7_l Ya 27 X10-9 [18x 10-5 = 3/20 
within the flask should have about 1/7th thevolume 


VY, 
ie, mercury 
of the flask, 
Problems. (1!) Jf á flask is made of a material of 7 value of 
27x 10-#/°C: and 3/20 of its volume is occupied by mercury of 
cutii expansion 180 x1074/°C | show" that the volume of the 
remaining space will not change with temp. (HS. ’63) 
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(2) What fraction of the inner volume of a glass vessel should 

be kept filled with mercury so that the remaining volume will be 

4 the same at alltemp 7? 7 for glass 

1.004 2,4%10-8/°C and y for mercury 

: 10012 1.8 x 10-4/°C, (Ans 3 $x) [HLS, ’82] 

g" B. Working of the constant 

s volume dilatometer and its 

0 8 e 2 16 2% findings: Since the cubical expan- 

(w temperature sion of mercury is seven times that 

Fig, IV-4.8(b) of glass the inner volume of the 

vessel (not occupied by mercury) 

will not change when the vessel is heated, It is kept in melting 

ice for some time, when it acquires the temperature 0°C, The 

position of the water column in the tube is noted, If the vessel 

is now slowly heated it willbe found that the water column 

descends at first, showing that water at 0°C contracts on heating, 

This goes on till 4°C is reached, Beyond that temperature the 

water column ascends, The adjoining graph (fig IV-4,8b) shows the 

results of the experiment where temp is plotted along the x-axis 

and the volume along the y-axis, Volume of water diminishes as 

temp rises from 0°C till 4°C» and 

then it increases, It is because 

of such behaviour that in the 

temp range between 0°C and 10°C 

water cannot be used as a thermo- 
metric liquid, 

C. Hope’s experiment, The 
anomalous expansion of water 
may be demonstrated and tempe- 
rature at which the density of 
waler is maximum may be deter- ` A 
mined by a simple experiment due Fig. IV-4.9(a) 
to Hope, A tail glass vessel 4B (fig IV-4.9 a) full of water has a 
freezing bath C of ice and salt: round about its middie, Two 


ee fa 
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thermometers T, and To ate fitted into AB near about the top and 
the bottom, Their readings are noted before the freezing mixture 
is applied, As the freezing 
mixture cools the water in its 
neighbourhood, the” water 
becomes cooler and denser 
and sinks to the bottom, The 
temperature récorded by the 
lower thermometer Tọ gradu- 

A TUE 1 
ally falls until it reaches about 1V-4.9(b) 
4°C, By this time the upper 
thermometer 7, has shown practically no change, While the 
reading of T, remains steady at 4°C, that of 7, begins to fall 
slowly at first, and then more rapidly until 0°C is reached, This 
shows that water is densest at about 4°C, Careful measurements 
show that the temperature at which the density of water is 
maximum is 3,98°C, The manner io which the two thermometers 
change with time after the freezing mixture has been applied, is 
reprsented in fig (1V-4,9 b), 


TEMPERATURE INC? 


* The reason for the bebaviour of T, is as follows: After the water coulmn 
from the bottom B to the freezing bath C has reached the temperature 4°C, 
further cooling at C makes the water lighter. It practically stays where it is 
until with further coollng ice begins to form.' Ice being lighter than water rises 
to the top and melts thus gradually Jowering the temperature of Ty. 


The density of water rises from 0,99987 g/cm® at 0°C to exactly 
1 at 4°C (by definition), It then diminishes, and at 8°C acquires 
the same value as at 0°C, The diminution continues ; at 100°C 
the density is 0°9584 g/cm, 

D. Effect of anomalous expansion of water on marine life, As 
water cools below 4°C it expands and becomes lighter, When 
ponds, lakes, rivers and seas in very cold countries freeze in winter, 
marine life is saved from extinction by the anomalous expansion of 
water, AS atmospheric temperature comes down the upper layers 
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of the lake cool, contract and sink to the bottom. This goes on 
until the whole of the lake acquires the temperature of 4°C, When 
the top layers cool further, the cooler water does not sink as it is — 


lighter than the water below, With further cooling the top layers 


gradually freeze, Both ice and water are bad conductors of heat, — 
So the lower layers are protected to a great extent against freezing 
by the upper layers of ice and cold water, The result is that water 
continues to exist at the bottom though a thickness of ice may 
have formed at the top, This enables marine life to continue, 
‘Fishes can then live in lakes, ponds and rivers even in extreme cold 
because the water of ihe bottom remains liquid, cae 


IV-5 
EXPANSION OF GASES 


[V-5.1. Introduction, Gases expand much more than solids or 
liquids for a given rise of temperature. Moreover, a gas expands 
when its pressure is reduced, In determining the effect of tempera- 
ture on the volume of a given mass of gas, it is therefore necessary 
to keep the pressure of the gas constant, Such a restriction is not 
necessary for solids or liquids, as a change of pressure causes but 
an inappreciable change of volume in them, In addition mass of 
the gas taken, is relevant, for both the volume and pressure may 
change at the same temp for the same mass AS Boyle’s law tells you ; 
this does not happen for solids and liquids, 

So to explaia the behaviour of gases wo have four parameters 
or variables to consider, pressure, yoiume, temperature and masg 
Ia stating the gas laws however, mass is taken constant. So in 
discussing them three relations arise taken two variables at a time 
out of the trio of them, You already know them—(1) Boyle's law 
connscting changes of volume with pressure at const temp, 
(2) Charles’ law connecting changes in volume with temp at const 
pressure and (3) Regnaull’s or the pressure law connecting changes 


in pressure and temp at const volume. y 

Gases that obey them strictly, are called Ideal or Perfect gases, 
Most gases at low pressures and high temperatures obey them 
accurately, 

In conection with expansion of gases vis-a-vis liqnics, remember 

(1) Gases expand much more than liquids for same 1ise of 
temperature, €.8. nearly 24 times that of Hg. 

(2) They expand also with fall in pressure unlike liquids, . 

(3) They are highly by compressible while ligids are nearly 


incompressible. 
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(4) All gases expand uniformly and almost equally for the 
same rive in temperature i.e, coefficient of volume expansion is the 
same for all of them, Liquids do not so behave at all, 


IV-5 2.. Gas expansion on Heating. In discussing the expan- 
sion of gases it should be remembered that the volume V of a given 
mass of a gas depends both on its temperature í and pressure P. 
When the temperature is constant the relation between V and P is 
given by Boyle’s law, s 

To show that gas expands when heated. Fit up a round 
bottomed flask with a rubber cork through which one end of a 
narrow glass tube projects a little into the 
flask, Invert the flask and introduce the 
other end into a beaker of water as in fig 
IV-5,1, On gently heating the flask with a 
flame, air bubbles will be seen to come out, 
The flame heats up the air inside the flask 
Causing expansion of air within the flask,, 
which escapes in the form of bubbies, On 
allowing the flask to cool the air contracts 
and some water is sucked up into the tube, 

The burner even is unnecessary. If you 
just grip the flask firmly with your palms 
the same will occur, You replace the air inside by. other gases 
such as oxgen, nitrogen, hydrogen or CO, and Tepeat the proce- 
dure ; you will see the same thing. 


Fig. IV-S.1 


The height to which the water creeps up the tube on cooling 
gives you a rough measure of the expansion of the gas, Put a 
maik at the liquid top. For any gas inside the flask, if you heat 
by the same amount you will find the rise of water i e. expansion is 
the same. 

Fig IV-4.2 shows you the first authentic thermometer recorded, 
the air thermometer devised by that iniator of experimental physics, 
Galeleo, His apparatus was the same as above, only a scale was 
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attached to the long stem, Note that graduations are in reverse, 
fower temp at the top and the higher towards the bottom, Expan- 
sion of air within the flask, pushes 
the indicator, the coloured water 
downwards (fig 1V-5.2.) 

1V-5.3. A. Charles’ Jaw. The 
relation between volume and 
temperature when the pressure is 
kept constant is the Charles’ Law. 
The coefficient (<,) of increase in 
volume at constant pressure iS 
defined as the fraction of the 
volume at 0°C by which the volume 
of a given mass of gas increases 
fora rise in temperature of 1°C, 
the pressure remaining constant. 
If V,—volume of a fixed mass 
of gas at 0°C, and V=its volume 
at 1°C, both at the same pressure, 


Galileo's air 
thermometer 


Viik. 
ood Tig V-5.3.1 
then «, Ti a ) 


which gives V=V,(1-+-«,!). 
(IV-5.3.2) 

Charles showed that the coefficient Fig. 10-52 

of increase in volume of all 

gases at constant pressure is the same. This statement is referred 

to as Charles’ or Gay-Lussac’s law. (Gay-Lussac discovered the 


law independently a few years after Charles.) «, is often called the 
volume coefficient of expansion of gases. 
According to Regnault, who measuted the coefficient accurately’ 
4,=1/273 per °C or 000366 per °C. (IVv-5.3.3) 
In the light of Regnault’s value for «, Charles’ law may be 
restated as follows 3 
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For a fixed inaàs of any gas heated at constant pressure, the 
volume increases by 1/273 of its volume at 0°C for each celsius 
or kelvin degree rise in temperature. ý 


B. Necessity of taking the volume at 0°C. For expansions of _ 


solids and liquids we do not start with volume at 0°C when we heat — ~ 


them from say 1,°C tof,°C, Forit is found that a negligible 
error is introduced thereby though for extreme accuracy one has to 
use the volume at 0°C, But for gases failure to do so introduces 
„a sizeable error, 

_ Let us take 91 cc of air at 0° and heat it to say 90°C and 150°C, 
We shall have. 


ý Voo=VetV.. ayy = 91(F+ gag} 12k ce 
à ‘150 5 
ad Vig5=V.4V.535=91 $50=141 cc (A) 
Now if we heat Vog to V,,, then we have, 
Vi so=VootVoo ayn t2 +121 x, x gals cé, (B) 


The volume in eqn (B) comes out much greater than in Aand in 
the ratio 141/121 to 159/121. From this you realise that V, gives 
you a standard volume as the basis for computation, This is not 
required for solids (yæ=12 x 10-6/°C for iron) or for liquids (y for 
mercury=180 x 10-6/C), For y for a gas is 3660:x 10-6/°C, 


For comparison let us take a 3m long iron rod at 0,° Then 
l, 99 = 300(1-+12 x 10-6 x 100)=300,36 cm 


* and J, 59 =300(14+12x 10-6 x 150)== 300,54 cm (C) 
If we now heat the rod from 100°C to 150°C we get ; 
L, so=300.36 (1412 x 10-5,x 50)=300,5402 cm (D) 


See how negligible is the error in (D} compared to (©) 


C, Verification of Charles’ Law : (1) Fig IV-5.3 shows a modern 
form of apparatus. B the bulb contains a mass of dry air, It 
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forms a part of a U-tube and graduated in cc. It is connected 
to a mercury reservoir R which can be raised or lowered as and 
when required, A current 
of steam may be passed: 
through the water bath 
(W) surrounding the U- 
tube, to raise the temp of 
water and thereby of the 
air enclosed in B which 
can be read off from 
the thermometer T, The 
stirrer S is used to 
achieve same tempthrou- 
ghout the bath, 

The room temp is 
read off and R is moved 
till the mercury levels 
in both arms of the U- 
tube and R the same. 
The air in B is then at 
the atmospheric pressure, 
The volume of air in B 
is also noted, Stem is then passed and water vigorously stirred, 
The mercury level in B starts lowering. When the bath temp 
increases by say, 10°C, mercury levels are made the same by 
raising R and the air volume in B read off, It is under constant 
pressure, the atmospheric pressure. Temp is quickly taken 
from T, 

Several such pairs of readings are taken for temp (0) and volume 
yeach time adjusting R so asto have the air in B under the 
atmosheric pressure. 

Vis then plotted against t and an ascending straight line APB 
is obtained (fig Iv-5.4), This confirms Charles’ law that the 
volume of a gas rises at a constant rate with rising temp when 


Fig 1V-53 
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pressure and mass of it are held constant, Extending BPA back- 
wards we find if cutting the volume 
axis atC, OC giving us V, Now 
ON=1, PN=V, and so 
AK PN- OC 

E ea A ONES 

You would find the value to be 
nearly 0.00366 or 1/273. 

A bonus from the graph Is provided, if you extend (i.e. extra- 
polate) BPAC further back, it will cut the temp-axis at a value 
of — 273°C, This means that at that temp the volume of the gas 

_ disappears, This temp is said to be the absolute zero for it is 

_ absurd to think that simply by cooling a given mass of gas, it would 
disappear. The idea is elaborated in the next article, Before this 
temp is reached the gas will turn liquid and then solid thus no 
longer would obey the gas laws, 

(2) The apparatus even now used in the laboratory for verifying 
Charles’ Law is shown in fig IV-5.5(a). Instead 
of using the costly mercury, conc, H,SO; 
is used as the indicator, Asand when the 
need arises the acid is run out by opening 
the tap until the height of the liquid in both 
the arms are equalised. Incidentally H 250, 
being hygroscopic serves to keep the gas in 
the bulb dry, The experimental procedure 
is the same as above, 

(3) A very ae but ‘crude gad of 


Fig, [V-5.4 


Fig, IV-5.5(a) Fig. 1V-5.5(b) 
TV-5.5(b). A capillary tube about 50 cm Jong and 1 mm in 
bore is sealed at one end after a small pellet of mercury (P) or 


e+ 
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coloured water is drawn into it, So that a definite ħass of air is 
trapped inside at atmospheric pressure. The capillary is tied to a 
thermometer (T) and scale (not showa) and mounted horizontally in 
a wider glass tube closed at the two ends by corks, The corks have 
holes for an inlet (F) and outlet pipes (E) and also for the open end 
of the capillary to project out of the tube, 

First ice-cold water is circulated through the tube and when the 
pellet reaches a steady position the readings of the sealed end of 
the capillary and the left end of the pellet are taken, The difference 
I, multiplied by S, the cross-section of the capillary gives the 
volume of trapped air at ice point, Steam is now passed through 
and a pair of similar readings are taken when things steady up, 
giving /,)S as the volume of trapped air at the steam point, Both 
readings are taken under constant atmospheric pressure, Then, 

PARE ETES Vo (lod loS m l100— lo 
? V, X100 IpSxivv, 100% 

IV-5.4. The Absolute Scale of temperature: Since for a gas 
«,=1/273 per °C, its volume V, at any temperature rc is 
Bivien by 

V,=V(1-+1/273) 

Thus the volume at 1°C is V, =Vo(1+1/273), 

the volume at— 30°C is V_gp7=Vo(1 — 30/273) eto, 

If <; remains the same whatever be the temperature, then at a 
temperature of — 273°C, 

V=V,(1—273/273)=0 (LV-5,4,1) 

At a temperature below — 273°C the volume would be negative. 
Since we cannot imagine a negative volume, temperatures lower 
than —273° will have no sense to us, We therefore take the 
temperature at which the culculated volume of a gas becomes zero, 
to be the lowest temperature possible and call this temperature the 
absolute zero. Any scale of temperature measured from the 
absolute zero is called an absolute scale of temperatnre. On the 
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celsius (centigrade) scale, the absolute zero will be taken“ as” 


273°C, -If will be —459°F in the fahrenite scale. y 


-The above is not however, a happy way of defining the absolute 
zero, When you reach a higher stage of study you will learn ‘that ve 
Nature has put a limit to the lowest temperature possible in the universe. 
This limit is the absolute zero. Careful experiments show of a 
that the value is about — 273'15°C. The agreement of this value 
with the one at which the calculated volume of a gas becomes zero 
is accidental and is due to the fact that most permanent gases (such a } 
asH,, He) behave practically as perfect gases (i.¢., satisfy Boyle’s i 
law and Charles law with a high degree of EITEM 

The absolute scale of temperature in which these are100 degrees: 
between the ice point (0°C) and the steam point (100°C), i.e., the 
absolute scale in which each degree interval is equal to a degree 
interval on the celsius scale, is called the Kelvin scale. The readings 
on this scale were indicated as degrees Kelvin or in symbols as Ke 
Now we write merely Kelvin, with K as the symbol. The degree 

sign has been by international agreement dropped, it should be 
noted that 


a difference of temperature of 1 K (or 1 °K) 
=a difference of temperature of 1°C 
For ordinary purposes, we take the absolute zero on the celsius: 
scale as — 273°C, the ice point on the Kelvin scale as 273K and 
any temperature 1°C as (273+1) K, i.e. 


°C=(273-+1) K. (1V-5.4.2) 
The kelvin is now the SI unit of temperature just as the meter 
is the unit of length. $ 


IV-5 5. Another form of Charles’ law. From Charles’ law, we 
have for a given mass of gas at constant pressure, 


V=Vol1-+1/273)=Vo(213-41)/213 (1v-5.5.1) 
where V is the volume of the given mass at 7°C and Vo that 
at 0°C. 


ee ee ey 
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Now :°C=(t+273) K=T K (say), while 0°C=273 K=fġ K (say). 
From Eq, 1V-5.5.1 Vee TV /To) 
HON 
ATIT (vs. 52) 

Since Vo has a fixed value for a given mass, and To’ is a 
constant, Vo/To is also constant. We can therefore say that for a 
given mass of gas V/T is a constant, i.e., at constant pressure the 
volume of a given mass of gas is directly proportional to its absolute 
temperature. This assertion may also be taken as the statement of 
Charles’ law. in symbols, V «J when P is constant. 

Strictly speaking, the temperature 7 as defined here is called: 
the temperature on the perfect gas scale, or briefly the gas scale. 
The kelvin scale is defines in Thermodynamics. The definition is 
different from the one given here, But the perfect gas scale and 
the kelvin scale have been found to be identical. So we need not 
differentiate between the kelvin scale and the perfect gas scale at 


this stage, 


IV-5.6 Boyle’ a law. A. Gases are highly compressible, 
Consider a mass of gas confined in a cylinder by an air-tight piston. 
If the pressure on the gas is increased by pushing the piston in. 
wards, the yolume of the gas decreases. As the pressure is reduced, 


. the volume increases. ti 
{his relation between the pressure (P) and volume (V) of a fixed 
as discovered by Robert Boyle (1627-1691), an 


mass of gas W 
This is Boyle's law and may be stated as 


Engiish ‘philosopher. 
follows 2 j 
For a fixed mass-of gabata given temperature, thy volume 


varies iuversely ae the pressure, i.e., the product of the pressure 


and volume is constant, 
In symbols, PY =constant= K. ay- 5.6, 1) 
If P, and V, are thei initial values of ihe pressure and volume 
and Ps and V, the fina! values, we shail have. 
Bef E PPV SPV =k (IV-5.6.2) 
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Example IV-5.1. The volume of a mass of gas at 740 mm 
pressure is 1250 cm%, Find its volume at 760 mm, if the — 
temperature is unchanged, 


Solution: Let V be the new volume. Then from the relation 
P,V,=P,V, we have Vx760 mm=740 mmx 1250 cm? or V= 
1217 cm, 


Ex, IV-5.2, A bubble of gas, 100 mm® in volume, is formed at a 
depth of 100 metres of water, Find its volume when it reaches 
the surface, the atmospheric pressure being 76 cm. Assume 
unchanged temperature, 


Solutions Atmospheric preesure=76 cm of mercury=76 x 
13.6 cm of water==10.34 metres of water, This is the final pressure 
P, ofthe bubble. The initial pressure P, = (100+4-10,34)—= 110,34 
‘metres of water. if V is the final volume, then Vx 10,34 meters 
‘of water 100 mm* x 110.34- metres of water, whence V= 1067 
mm, 

B. The Value of the constant K in the above equations depends 
upon the following factors— 

(i) the mass of the gas taken, (ii) its temperature and (iii) the — 
units in which P and V are expressed, 


Ex IV.5.8. At a pressure of one atmosphere 32g of oxygen 
occupy a volume of 22,4 litres when the temperaiure is 0°C, 
Therefore for 32 g of oxygen at 0°C the product is 

PV = Ke=224 litre x 1 atmosphere = 22,4 litre-atmospheres, 

Since 1 litre=1000 cm5 and one atmosphere=1,013 x 16° dyn/ 
em, the same product is also equal to, 

22,4 x 1000 cm* x 1°013 x 10% dyn/om? = 22'69 x 10° erg, 


Ex IV-5.4. If we consider 16g of oxygen at 0°C, the volunie 
is 11,2 litres at a pressure of 1 atmosphere, 
for 16g of oxygen at 0°C the product 
PY = K=11.2 litre-atmospheres = 11,35 x 10° erg, 


ExIV-5.5. At 27°C the volume of 16g of oxyen is 12,3 litres — 
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if the pressure is 1 atmosphere, Under these conditions the 
product: PV=K=12,3 litre — atmospheres =12,46 x 10° erg, 
At a given temperature, the product . 

PV=K is directly proportional to the gas mass taken, 

C. Density and pressure. Let p; and pẹ be the densities of 
a gas at pressures P, and P,, and Vand V,, the volumes of the 
same mass m of the gas at these pressures, the temperature remain- 
ing constant, Then 

m=V,P,=VeP3. By Boyle's law P, V, = PaVa 
Dividing the first relation by the second, we have 
Pilos = P3] Ps (IV-5.6.3) 
which means that the density of a gas is proportional to its 
pressure, so long as the temperature remains constant. 

Ex IV-5.6, Find the mass of 1 cubic metre of air at 0°C 
and 19 torr pressure, given that the density of air at S,T,P, is 
0.001293 g/cm’, 

Solution: If p is the density at 19 mm Hg pressure, then 

p _-0°001293g/cm® 
19 mm Hg 760 mm Hg 


on pm pd x 0:001293g/cm® 


+, mass of Leu, metrem “001? x 19-5, X(100)* cm*==32g 


1V-5.7. A. Regoault’s Law: Increase of pressure with rise 
of temperature at constant volume. If the volume remains coD- 
stant, it follows from this law that Pp=P, (14+«,f) (1V-5,7.1) 


i Fy a 
from which we get TT; ( 1V-5,7,2) 
is., the pressure of a perfect gasat constant volume is directly 


proportional to its absolute temperature, This shows that when a 


q bie 
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given mass of gas at constant volume is heated, its pressure, 
' increases, Experiment shows that at constant volume the pressure of 
a given mass of gas increases by a constant fraction of its pressure at 
°C for each degree celsius rise of temperature, This fraction is 
called the pressure coefficient (<,) of the gas at constant volume. 
If Py =pressure of a given mass of gas at 0C, 
P=pressure at temperature °C, 
then the fractional increase of pressure=(P— Po)/Po, and the frac- 
tional increase of pressure per °C rise of temperature ( i.e. 4,) 
4y==(P—Ppo)/Pot or P=Po(1--4,t) 
It is further found from experiment that «, is approximately 
equal to 1/273 per °C for practically all gases, 


Ex IV-5.7. A gas is at 27°C. To what temperature must it be 
heated at constant volume so that the pressure is doubled 7 

Solution : Let the initial pressure be P,, The initial temperature 
is T,=27-+-273=300 K. The final pressure P,=2P, ; the final 
temperature T, in K. Therefore, 

P,/300==2P,/T,, whence T ,=600K—=600 — 273=327°C, 

B. To show that for a perfect gas the pressure and volume 
coefficients are equal (4y=4,). Perfect gases satisfy the relation 
P¥/T==constant, It may be shown that x, and 4, for such gases 
are the same, 

Suppose a fixed mass of a perfect gas hasa volume Vo anda 
a pressure P, at 0°C, Ifthe pressure be kept constant while the 
temp changed to 1°C, its volume V will be V=V,(1+.,1), Now 
keep the temperature consant at ¢°C, but increase the presure from 
P,to Pso that the volume V diminishes and reaches the former 
value Vo. Then from Boyle’s law we get P.V=PY, (the temperature 
being 1°C), 

Hence, we shall have P,V,(1+4,1)=PYV, 

or, P=P,(1+«,t) (A) 

The changes described above are such that the new temperature 

is 2°C and the pressure is P, while the volume is unchanged, As the 
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pressure rises from Py at 0°C to Pat sC at constant volume, we 
have, from the definition of «,, 
P=Po(1+4,t) (B), 
Hence, from the relations (A) and (B) we find «,—=«,. (IV-5.7.3) 
Values of 4, and 4, for some gases are given in the table 
below. They are per °C, Values forsome of them are shown 
graphically in fig IV-5.4. 


9.00367 | 0.00367 
“00366 | .00366 
100367 | 00367 
00367 | 00367 . 
< [00366 | 00366 


:00374 *00372 


As the intial pressure is reduced it is found that the values of «, 
and 4, for all gases (even of CO,) approach the same value, This 
limiting value is found to be 0,0036608= 1/273°15 per°C, 


2 INMM HG 
Fig, TV-5.5 


C. Verification of Regnault’s Law and finding 4y 

The apparatus used for the purpose may be called a constant 
volume: gas. thermometer. It consists of a bulb B (fig, IV-5.6), 
connected by of a capillary tube -to a wider glass tube 4, 
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Cisanother glass tube of a relatively wide bore, open at both 
ends and serves as a mercury reservoir, A and C are connected 
together bya thick walled India- 
rubber tube, and may be raised 
or lowered ona vertical stand to 
which they may be clamped, 
By raising or lowering C, the 
level of. mercury in A may always 


è 


M near the junction of A and 
the -capillary tube connecting it 
to B, This ensures that the 
experimental gas contained in B 
always has the same volume, 
A seale is fixed to the stand in 
between Aand D, from which the 
difference between the mercury 
levels in A and D may be read off, 
fig. IV-5.6 To find the pressure coefficient 
4, Of the experimental gas in B 
at constant volumes, B is placed in a water bath whose temperature 
can be read off from a thermometer, Mercury level in A is brought i 
upto M, and the height of the mercury level in D above that in Ais 
noted. Let this value be h, cm,- If Pg is the atmospheric pressure 
in centimeters of mercury at the time of the experiment, the 
pressure of the gas in B is Po +h, =H, cm of mercury. Its tempera- 
ture=r,°C is that of the bath, 

If the bath temperature be raised to a value ta°C (about 8 to 
10°C higher than ¢,) and held constant there the gas in B expands 
and pushes the mercury column down 4. C is raised till the 
mercury level in 4 comes upto C agai) The difference in height 
between the mercury levels in A and C is noted as before, Let the 
value be hg cm, The gas pressure in B is Pot+hg==P, cm, of 
mercury. 


be brought upto a certain mark — 
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If Hg is the pressure of the gas in B at 0°C, 
Then P,=Po( 1+4+4,t;) and P,=Po(1+4, t2) 


or PR Laat 
Py l+4qo 
whence <= pte Fie (LY-5.7.4) 
Pita — Paty 


Alternatively the bath temperature may be held constant at 
different values, The mercury level in A is brought ‘upto M each 
time and the corresponding 


difference in. height of the F 

mercury levels in A and) C g ` 
noted, -The total gas pressure z 

in B may then be plotted 3 
against the temperature and Py y 

found by extrapolation from 

the graph (fig, [V-5,7), Pressure 

in B at any temperature 1°C, M 


o 40° 60? WOE 
P=Po( pat) oo 20? 60° 


ig. 1V-5.7 
from which 4, may’ be found Fig: IV-5 
ont, It will be seen that 4, is approximately ył per °C for nearly 
all gases. 


Iv-5.8. A. Ideal or Perfect gas equation. A gas which 
obeys both Boyle’s law and Charles’ law strictly is called a -perfect 
or ideal gas. Permanent gases (such as: hydrogen, helium, oxygen 
and nitrogen ) obey the laws with sufficient accuracy to be treated 
as perfect gases, These two Jaws may be combined-to give a single 
relation, i 
Let the initial pressure, volume and absolute temperature of a 
given mass of gas be Py, Vand Fi. 

(i) Keeping the pressure P, contant, let the absolute tempera- 
ture be changed to Tg, and the new yolume to V', According to 
Charles’ law V'=V;Ta/T1. 
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(ii) Keeping the temperature T, constant, let the pressure be 
changed to P,, Then, according to Boyle's law, the new volume Va 
is such that 


T, 
or Pi E =a constant (1V-5,8.1) 
1 2 


This is the equation of state» for an ideal gas, and is also called 
the ideal or perfect gas equation. It contains both Charles’ law and 
Boyle’s law, For if T, =T,, we get P,V,=P,V,, which is Boyle’s 
law, and if P,=P,, we get V,fT,=V,/T., which is Charles’ law, 

We may write EqIV-58.las Py=—RT (IV-5 8.2) 
in which P stands for the pressure, V for the volume and T for the 
absolute temperature of a given mass of gas. The value of R will 
depend on the mass, If the mass is doubled, R will also be doubld, 
For a gram-molecule or mole of any gas, R has the same value, This 
value of R (for a-mole) is variously cailed -the universal gas 
constant, gram-molecular gas constant or molar gas constant, 
We shall denote it by RM. 

B. Value of the molar gas constant, Let us considera mole 
of a gas at STP, (standard temperature and pressure ), Then 
we have 

Po=1 standard atmosphere=1-013 x 10¢ dyn/cm?, 

To=temperature of melting ice—=273 K 

Vo=volume at STP, of one mole of a gas=22'4 litres, 


Ry=2¥; _ 1.013 x 106. dvn/cm? x 22400 cm*/mole 
T 273K 


8°31 X 107 erg per K per mole (erg K=! mole!) 
If the mass of the gas taken is n moles, then PV=nRMT. 
If m is the mass of the gas in grams and M its molecular weight, 


then PV=mRyT/M, (IV-5,8 3.) 
for unit mass, therefore, R=Ry/M. (IV-5,8.4) 


*The relation. between the volume, 


temperature and pressure of a. substance 
is called its Equation of state. ‘ 


BXPANSION OF GASES f 103 
For different masses of the same gas, we get from Eq.IV-5.8.3 


Pi Vi _ PaVa —_ PMR 
m,T, MT M (IV-5.8.5) 
Eqns IV-5,.8,1 and 2 enable us to solve problems when any two 
of the quantities pressure, volume and temperature of a fixed mass 
of gas change at the same time, Eq. IV-5.8,5 is useful when © 
masses differ (see later Sec, IV-5.10). 


Ex, IV-5.8. A litre of air is heated from 27°C to 177°C at 
constant pressure, Find its volume, 
Solution : From Charles law that Fr 
_T,=213+21=300 K, Ta=2134+171=450 K, 
V,=1 litre, whence V,=1)5 litres, 


Ex IV-59, The pressure of a given mass of gas at 33°C is 75 cm 
of mercury, Find the temperature in°C at which the pressure is 
doubled, the gas being heated at constant volume, Find also the 
tempeature at which the pressure is halved, 

Solution: Apply equation 1V-5,8,1 Since volume remains 


constant V, =V}, 
ü) 7,=273-+33—=306 K, If Pa=2P;, 
T, =P, T,|P,=2x 306 K=612 K=(612- 273)°C=339°C, 
üi) When Pa=}Pis T,=(Po/P;) x 306 K=153 K 
= (153 ~273)°C= — 120°C, 


(Note that since the ratio P/P, is given, the value of P, is 
unnecessary. ) 

Ex IV-5.10, The volume of a mass of gas at 47°C and a pressure 
of 75 cm, of mercury is 640 cm®, Find the volume at S.T P, 

Solutions Here P,=75 cm of mercury, V,=640 cm®, T,=273 
+47=320K, Pyg=76 om of mercury, T,=273K ; to find V,. 
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J jon PVs PaKa yod Pr Tay 
+, From the relation T e Va PT 


af =x x 640 cm5= 539 cm? (appřoximately) 
yw Ex, IV-5.11, Calculate the value of the gas constant for 1g i 
of hydrogen, given that the density of hydrogen at S.T, P,=0:00009 — 
g/cm’, m 
. Solution; Here P=76 x 13.6 x980=1,013 x 106 dyn/cm?. 


=n ; T=273 K, 


A : = rey 1013x 10° dyn cm? 1 
aly The reqniregivaluces —---395575,00005 emt‘ e K 


=4:12x 107 erg per K per g ( or erg K~*g~*), 


IV-5.9,. Conversion of densities from one set of conditions to 
another, Since the gas equation applies to a given mass, say mg of 
a gas, the density p{—m/V,, Under the new set of conditions p= 
m/V,, Then from the relation, i 


Pam 
Fri as, we t Pim „Pam 
” iT, PaT 


Diu. sip. 
or, —Lo= 2 _j, f= Con 
mt nL oT tant (IV-5.9.1) 


vd 
Ex IV-5.12,. A litre, of dry air at S.T.P, weighs 1.293g, What 
would be the mass of 3 litres of dry air at 115°C and a pressure 
of 4 atmospheres 7 


Solution: Here P,=1 atmosphere, T, T,=273°K, 1,293 
g/litre and P, =4 atmospheres, cae First find 3. 


From reg IV-5,9.1 ane T "p1 =4 x mxi. 293'g/litre 


273 


Ae ‘oy x4 X agg 


x 1,293 g=10.9¢. 
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Or, the volume might first be reduced to S,T.P, Let V be the 
valume of the given mass of air at S,T.P, Since 


p PY PW 1xV_4x3 12% 273,; 
pepe shall haves agg °° Veg litre, 


whence mass=V X 1.293==10.9 g. 


1V-5.10. Gas law for different masses. Let M be the molecular 
weight of a gas and Rm the value of the molar gas constant (IV-5,8.B) 
Then the value of the gas constant for unit mass will be Rm/M. If 
V, is the yolume of a mass m, of the gas at pressure Py and tempe- 
rature 7, and V the volume of a mass ma of the same gas at Pz 
and Ty, then from Eq. IV-5,8.5 we shall haye. -~ 


PV MM o PV, RM 
E is mT, M 
P V3 MRM PPaVa RM 
and Ta G or ‘mets T M 
Pivi PV, 
ELA ER LA 
mT, mfi (1V-5,10,1) 


This equation (the same as Eq, 1V-5,8.5) may be applied to 
cases where the masses the of gas are different, Note that this is 
also the same as Eq. 1V-5,9.1 for m,{ Vimp, and ma/Va™ po 


Example IV-5.10.1. A gas cylinder contains 20 kg of air at a 


pressure of 12 atmospheres, In driving a pneumatic drill for some 


time, the pressure falls to 10 atmospheres, How much gas has been 


used 7 $ 
Solution: We may apply Eq 1V-5,101, Here Vis=Vg, T= 
Tas Py=l2 atmos, Pa=10 atmos and m,=20 kg. To find m,, 


From Egs 1V-5.10.1, vane or my16 kg 


The quantity of gas used=m, — ma=3} kg. 


Iv-6 


KINETIC THEORY 
OF GASES 


IV-6.1. Evidence of molecular structure of matter. In 
science, an evidence of a theory is rarely direct, e.g. Newton's 
laws of motion, But when things occur without exception as 
deduced from the theory, we take it as an evidence of the correct- 
ness of the theory, Most evidences in science are of such indirect 
nature, But science accepts such evidence. 

Evidence of molecular structure. At least three thousand: years 
ago many Indian and Greek philosophers Kanad and Democritus 
amongst them, thought that matter was not continuousin structure 
but made of particles ; but they had no proof to support it, In 
the 18th century, John Dalton, an English school teacher, success- 
fully explanined the laws of chemical combination assuming that 
a given substance (such as iron or sulphur) consisted of particles, 
all of the same kind, He named such particles ‘atoms’. » Combina- 
tions of atoms of the same or different kinds were later given the 
name ‘molecules, Dalton’s laws for the formation of molecules 
from atoms were fully supported by chemical experiments, This 
{s the first evidence of molecular structure, It came from chemistry 
and was of an indirect nature, 

With progress of science, we could explain various phenomena 
from different fields on the basis that matter was molecular in struc- 
ture, We came to know that molecules are so small that we never 
have any chance of seeing them, They have diameters of the 
order of 10-Tcm, The most powerful optical microscope can 
magnify a small body to about 2000 times, This is not enough 
to see a molecule, Another kind of microscope, called the 
‘electron microscope’ can magnify upto 10° times, Evén this is not 


* From a—not, fomos—I can divide. i.e, atoms are indivisible, 
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enough, But the pictures of very thin sections of matter that we 
get from powerful electron microscopes show that matier has a 
granular (grain-like) structure, Another kind of microscope, known 
as the ‘Field emission microscope’, produces pictures of very sharp 
metal points, These pictures show that the point is made up of 
layers of granular particles. These give the nearest visual proof 
till how that matter has a discontinuons structure and is made up 
of patticles, The granular structures as seen in the pictures 
mentioned above are not molecules ; they are groups of molecules. 

We however have enough indirect evidence of molecular 
structure. If alpha particles from radio-active materials shoot 
through very thin metal foils, some of them are found to be 
deflecied very much from their orginal paths, This is possible only 
if the metal foils are made up of atoms whose positive charges are 
confined jo very small regions. “You will have more of indirect 
evidences as you learn more of modern physics. Radio-activity 
wil! give you much of such evidence, With X-rays we have learnt 
thé sizes of molecules and atoms, The ‘mass spectrograph’ enables 
us to find the relative masses of atoms accurately, 

IV 62. Evidence of random molcular motion. (i) A gas exerts 
the same pressure all over its containing walls, This supports the 
view that gas molecules move about at random, Put the same 
amount of gas in a larger vessel, It will fill that up. This 
expansibility of a gas results from randam molecular motion, 

(ii) If we drop a crystal of copper sulphate in water, the 
crystal soon dissolves and its blue colour gradually spreads 
throughout the water. This can easily be explained, if we 
assume that copper sulphate crystals are made up of molecules, 
and that in solution these molecules move about at random, This 
is the phenomenon of diffusion, explicable only by molecular 
motion, 

(ii?) When water ( or any liquid) evaporates its molecules are 
lost in all directions in the atmosphere, They must have random 
motion ; otherwise evaporation should have occurred in some 
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special direction only, The.same tats for boiling, Evaporated 
liquid exerts yopour pressure. 

(ivy) When a solid’ melts, the liquid that is formed, takes up 
the shape of the container, This can happen only if solid is made 
up of molecules and these molecules move about at random in the 
ae stätè, 


o) Suspend very fine particles of diameters about 10-*—10-* 
om, in water or air, Look at them through a powerful microscope, 
They will be found to move about 
at random witha zig-zag motion 
(fig 1V-6,1,) [See ‘Brownian 
motion’ in the next section, } These 
particles aro not molecules, but 
are packets of about 10° to 1018 
molecules, Their zig-zag motion 
can be explained if we assume 
that they are being constanly hit 
by water or air molecules from all 
sides, When the particles are small, 
the number or hits from one 
side may not be equal to those from the opposite side, So we may 
expect to see resultant motion which may change abruptly now and 
then ; and that is what we actaally sec in the Brownian motion. 
Besides, the water or air molecules may not all move with same speed 
and they may be doing so i in all possible directions, Such property of 
the molecules can fully explain the behaviour of the suspended 
particles as we find it, This is the most direct evidence of the 
Zontinuous and random motion of molecules, _(The motion of the 
particles is somewat similar to the movement of a man who carries 
a heavy load and is moving in a crowd ; or of a thief chased by a 
policeman in a startled crowd), 


IV-6.8, Brownian movement, The phenomenon of Brownian 
motion was discovered in 1827 by an English botanist, Robert 
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Brown, He observed that minute pollen grains suspended in a 
liquid drop showed a constant, irregular motion when observed 
through a powerful microscope, They danced about madly in the 
field of view of the microscope without any rhyme and reason, The 
‘movements continue indefinitely and never show any sign of stop- 
ing or even diminishing, These movements are known as Brownian 
motion, Suspensions of solid particles or droplets (10-°— 
10-* cm in diameter) in liquids and gases also show these move- 
ments, as in fig 1V-6,1, for 3 grains in water at 30s intervals, 

The following fact gradually came to be established about 
Brownian motion, ~ 

(i) The motions are continuous, eternal, and completely 
irregular and random, No two particles in the same locality move 
in the same direction at the same moment, 

(i) The movements are independent of any mechanical 
vibration of the container, — 

(ii) The lower the viscosity ofthe liquid the greater the 
motion, 

(iv) The smaller the particles the greater the motion, 

(v) Two particles of the same size move equally fast at the 
same temperature, 

(vi) The higher the temperature, more animated the motion, 

From these facts the following picjure of the processes genera- 
ting the motions were drawn, The suspended particles are millions 
of times larger than the molecules of the liquid, The liquid 
molecules have thir heat Le, thermal motions, So they continuously 
bombard the particles from all sides, If the particles are large 
in size, equal numbers of hit them on the average on all sides 
every moment, But if they are small enough, the molecular 
impacts may not be balanced, A small particle may therefore be 
acted upon by an unbalanced force, producing a perceptible 
motion, (This motion however is opposed by the viscous drag of 
the liquid) Since the molecular impacis are at random, the 
unbalanced force on the particle is randomly directed, This gives 
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the particle the motion described. Such particles behave like | 
Jarge molecules in the liquid, They take part in the thermal 
motion of the liquid and provide a visual proof of the basie A 
assumption of continuous and eternal heat motions of molecules, 
This picture also explains why the motion is more vigorous at high — 
temp and low viscosity, j 

Estimation of molecular size, How big is a molecule 7 A general q 
answer to the question is not possible, because sizes vary widely, 4 
Organic molecules may be quite big in size compared with 
inorganic molecules, In some cases however, it is possible to get — 
an idea of the size of molecules by forming films on water, If @ 
very small quantity of matter forming the film is taken and allowed 
to spread on a wide enough surface of water, the material forms a 
film which is only one molecule thick, Such films are called 
monomolecular films, 

Some oils and fatty acids have this property, Their molecules 
are much longer than broad, One end of each molecule has, an 
affinity for water, Such molecules attach the active end to the 
water and stand erect on it, forming a monomolecular film, 


Oleic acid is a suitable material for this purpose, We may 
prepare a 0'5% solution of it in methyl alcohol by volume 
ic, dissolving 0'5 cc of the acid in 100 cc of the alcohol, ) 
We then have 0,0005 cm? of the acid in 1 cm® of the solution, 


We may then take a large glass or plastic dish full of watter 
and lightly sprinkle lycopodium powder on the surface of water. 
Using a capillary pipette we may then drop 0'005 cm? of the 
solution in the centre of the water surface. The solution spreads. 
over an area of the suface and pushes the lycopodium powder 
away from the area, The alcoho! soon partly dissolves and partly 
evapora'es, leaving a monomolecular film of oleic acid on water 
as a nearly circular patch, We then measure the pea D of 
the patch, : 

In the film we haye (0:005)? cm? of oleic acid, lf b is, the 
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length of each molecule, we can treat the film as a thin cylinder 
of height b and diameter D, Its volume is then j{xD25, This is 
equal (0°005)2 cm’, Measuring D and putting j*D*b—(0:005)? 
cm3, we can find b, the length ofan oleic acid molecule, The 
value comes out to be about 10nm (nanometre=10-%m), 


We have made a similar calculation in Chap II-2.4 


IV-6.4 The Kinetic Theory of Ideal gases. The behaviour of 

gases as unfolded inthe last chapter makes no assumptions as to 
‘the structure of gases. They have been treated as amorphous, 
iie. continuos entities, Gas laws have been developed from experi- _ 
mental results, This is said to be the macroscopic viewpoint for 
gases, or we might say the thermodynamic, depending on the four 
variables, pressure, temperature, volume and mass. 

The Kinetic theory provides an alternative viewpoint, the micros- 
copic, treating of the gas, as an assembly of a very large number of 
fast molecules in random motion, The theory has succeded remar- 
kably not only qualitatively but also quantitatively, in deducing the 
gas laws, the Avogadro hypothesis, Graham’s law of diffusion, 
coefficients of conductivity and viscosity of gases and a host of others. 
But its development requires a number of simplifying assumptions. 
The gases we have seen before, have the simplest structure and the 
ideal gas isthe simplest to treat mathematically. These have been 
carried out by Clausius, Maxwell and Bollzmann amongst others, 
Daniel Bernoullie and Robert Hooke. had much earlier initiated 
the simple calculations, 

Basic assumptions. (1). The molecules of a gas are all alike 
and behave as if they were hard, smooth, perfectly elastic spheres, 
Even in a small volume their number isverylarge, ( In air at S.T.P, 
1 cm? contains 2:7 x 10t% molecules). 

(2) The molecules fare in continual, random motion, (fig 1V-6.2) 
colliding with one another and with the walls of the containing vessel. 
The collisions are taken to be perfectly elastic. 
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(3) Molecules do not exert any appreciable attraction on one 

another, nor repulsion. : 

(4) The actual volume 
occupied by the mole- 

cules is negligible com- 
pared with the total 
volume of the vessel. 

(5) In between two 

successive collisions the 
Fig. 1V-6.2 molecules travel in accom 
dance with Newton’s laws in straight lines with a constant speed, 
in the most elementary calculation this speed is taken to be the 
same for all molecules of a gasat a given temperature, ( The 
speeds are really different.) i 

(6) The time spent in collision is negligible compared with the 
time of travel between collisions. : 

IV-6.5. A. Explanation of pressure ofa gas on the Kinetic 
theory. The molecules of a gas in their random motion constantly” 
collide with and rebound from the j 
walls of the container. A molecule of — ---227 0na 
mass mand speed u colliding perpen- 
dicularly with a wall (fig IV-6.3) will MOMENTUM 
rebound from it with speed —u, The EA 
change in momentum of the molecule 
is mu-(=—mu)=2mu, The wall 
receives at each collision an impulse equal to this change in momen- ] 
tum, If during one second a large number of such impacts occur, — 
the average force on the walls, by Newton’s second law, is equal to 
the total change in momentum during that second, The pressure 
developed, is the force acting on unit area of the wall, 

B. +Calculation of Pressure, Let us have N molecules in a 
closed vessel which for sake of convenience, be taken as a cube of — 
side /, Any molecule may have a velocity c in anly random direction — 


š 


Fig. IV-6.3 y 


* Not in sysllabus 
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which has components u, y, w along three perpendicular directions 
( fig 1V-6,4) such that =u? +0? 4? 


Considering the face A,, we have just now seen that change in 
momentum for the normal impact of a 
single molecule is 2mu, Let the molecule 
now hit the opposite face A, assuming 
that it suffers no collision on the way. 
From there let it return to A, and 
again suffer an impact; the time 
interval between its successive hits on Aj’ 


F ig, 1V-6. 
must be 2//u, Then the force it applies Li bel as 
on A, is 
change in momentum _ 2mu___ mu? 
time-interval aw oT 
and the pressure exerted=-Force/Area=smu?//® (IV-6,5.1) 


Now each of the N molecules may be considered to have different 
os and hence different uevalues so that we may write the total 


pressure on A, a8 
post (uit bub tig? + Fut) 


Let 2reperesent the mean value of all the squares of velocity 
components along the OX direction i.e. 


mii tapti tt E E A 


red 
Then we have po,=Nmu?/!® 


Now with a very large number of molecules moving at random 
with velocities ranging from O to œ the mean square of the 
component speed along any of the three perpendicular axes is the 
same ie, u2=v2 =w? 


8 
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the fact responsible (i) for equality of gas pressure in all directions 
on the container walls as also for’ (ii) Pascal's law, 
But as we have c2=x?+v?+w?, their mean squares will be 


=u? +y2+w2and so u=}? (IV-6,5,3) 
p=imNe? |B =inme? (IV-6,5'4) 
for n=N//2, the no of molecules in unit volume 
where m=mass of a molecule, 
n==number of molecules per cc of the gas 
and. ¢2—the mean value of the squares of speeds) 
C. Value ofc. Inthe relation P=1mnc?, mn is the mass of 
the gas per unit volume, Hence mn=p, the gas density, 
| Pmbpe? or = 3Plp- (1v-6,5,5) 
For hydrogen at STP, »=0,00009 g/cm’, standard atmos- 
pheric pressure P=76 x 13,6 x 980 dyn/cm?, 


tee [3% 76x 136X980 
000009 
mile a second—much faster than a rifle bullet. ¢is saidto be the 
r,m.s, Of root mean square speed, 


Values of ¢ at 0°C for some gases are given below: they differ 
from gas to gas, 


=1,85x 105 cm/s ie, about a 


—__—_—_—_—_——————— 


be Gas Speed at 0°C 
Hydrogen 18,6 x 104 cm/s 
Helium 1131X104, 
Ninoga 493x104 ,, 
xygen 4.61x10. „ 
COs 302x102 | 


Problem: Calculate rms. speed of N, at N.T. P. given 
p for N, =1.25 3/litre at N. T, P. and 13,6 g/cc for mercury 
(Ans. 486 km/s) [ H.S. 82] 


IV-6.6. Concept of Temperature from Kinetic Theory. In 
deriving equation [V-6.5.4 note that we have related a macroscopic 
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concept the gas pressure, with amicroscopic quantity the rms. speed 
of individual gas molecules, We shall now see that the same micros- 
copic quantity rms speed is related to the most important macro- 
thermal concept, that of temperature, 

From the relation p=4mnc?, we get p/p=3C? where the density 
p of the gas is mn the product of the mass of a single molecule (m) 
and n the no of molecules in unit volume, 

Let us take a mole (i. e. gm-molecule) M ofa gasata temp 7 
(absolute) when its volume is F, say. Then we have, 


MIV 
Now from the ideal gas law we have PV=RoT where Ro is the 


Po a -Koye or PV=1Me? (1V-6,6,1) 
P , 


molar gas const, Hence we have, ‘ 
RoT=4Mc? ie; c2/T= 3Ro/M=const (IV-6,6.2) — 


i e, absolute temperature of a gas is proportional to mean square 
speed of the gas molecules. Note that temperature is proportional 
to a square of a quantity showing that (i) it can never be negative 
and also (ii) it is a scalar quantity 

If again Ng represents the num 
Ny= Avogadro's number, we have for one gram- 


ber of molecules in a male 


of a gas, i,¢., 
molecule 
P¥=1mN,c?. 
Comparing it with the perfect gas equation PV=RyT 
we have §mN, 4g? Rol (IV-6.6.3) 
Now, the kinetic energy of a single molecule=3mc?. 


a Lime =% Rog =} kT (IV-6.6,4) 
Na 
where k=Ry/Na is a constant and is called Boltzmann’s 
anaiai Thus we find that—The kinetic energy of a molecule is 
proportional to the absolute temperature. 
The statemcnt that the kinetic energy of the centre of mass of a 
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molecule is proportional to the absolute temperature’ is a very f 
important result, We may apply it to liquids and solids as well, 

Eq. IV-6,6.4, serves as a definition of temperature. So defined, — 
it is called the ‘kinetic temperature’. Temperature can also be — 
defined in other ways, such as from thermodynamics, But this is A 
not the place to go into them. j 

As a basic assumplion is that in a gas there are no mutual forces 
amongst the molecules they can have no potential energy, all their 
energy is in the kinetic form and it is this that determines the 
temp of the gas. Temperature is hence the manifestation of kinetic — 
energy of gas moleculess, So from the kinetic idea of temp we may E 
conclude that all molecular motion ceases at absolute zero, 4 

From equation IV-6.6,2 we derive two conclusions as to tha 
magnitude of rms velocity of a gas— 

(i) for a given gas rms speed € o JT 

(ii) ata given temp rms speed Ge S T/M ie. heavier gas i 
molecules have lower rms speeds, 

IV-6.7. RMS. Velocity and a few Related Concepts: A. Mean 
Free Path. The high speed of gas molecules raises a question— 
why then there occurs a time-lag between the opening of an 
ammonia bottle at one corner of a room and smelling it the A 
other end of a room, This apparent anomaly comes up, for 
we baye assumed that in their to and fro motion the gas 
molecules do not collide with cach other, That is absurd, Cal- 
culations show that in one second in air at N.T.P, there 
occur on the average 5x 10° collisions, Because of so many 
collisions the advance of ammonia molecules through air ie, their 
speed of diffusion is much smaller compared to molecular speeds, 
Remember collisions cannot occur regularly ie, after regular in- 
tervals of time or separations. Just as we consider the mean of the 
squared speeds, here we introduce the mean free path (x) between” 
sollisions—the mean of distances covered by the molecules between 
Successive collisions, Ifd be taken as the diameter of a molecule 
then it can be shown that 
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Tand aie 


ie. it diminishes for larger molecules, their number in unit volume 
and hence the gas pressure. i 

B. RMS. velocity and the Velocity of Sound. From the above 
table we observe that in air ¢ is 485 m/s and that of sound 332 m/s; in 
hydrogen they are 1838 and 1286 m/s; in oxygen 461 and 317 m/s 
respectively all at N.T.P, however. We picture the propagation of 
sound waves as due to a directional motion of molecules imposed 
upon their random thermal motion, So the energy in a sound wave 
is carried as kinetic energy from one molecule to the next with which 
it collides but the molecules cannot in spite of their high speeds, 
move very far during the period of one vibration, An explanation 
of a macroscopic fact is provided from the microscopic idea. 

C. RMS. velocity and Escape velocity of gas molecules from 
Earth : We have seen before (§ 1f-1.17) that thelatteris about 11,2km/s 
—30 times as much as velocity of sound and 6 times greater than 
rms. speed of H, bothat 0°C. Now remember that speeds of indivi- 
dual molecules widely fluctuate from their r.m,s, values and faster 
molecules would get lost from the atmosphere. These speeds were 
much higher when the earth was far, far hotter in the remote past 
and so the lightest of the gases H, and He mostly escaped, 


D. Mean and Root Mean Square Velocity. Though for the most 
elementary calculations we may (ake all molecules of a given gas to 
have the same speed at a given temperature the molecular speeds 
are not really equal.’ The average value of their speeds ata given 
temp is the mean yalue corresponding to that temp. It'is denoted 


by Coy. 

The square root of the. average value of the squares of the 
molecular speeds is called the root mean square velocity denoted 
by c, That these two fre not equal can be readily seen + let us have 
only 3 molecules with speeds 9, 10 and 11 units. Clearly the mean 
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velocity (C,,) is 2 (9+10+411) units whereas c?—3 (92410? 
+-112)== 100.67 or c=10,03 units, 

IV-6.8. Deduction of macroscopic Gas laws from the Kinetic 
Theory. In spite of the basic assumptions which are not all exact 
as we shall see, the well-known gas laws can be derived from the 
basic equation IV-6,5,4 as follows : 

(i) . Boyle's Law: From the equation 

P=1mNc?/I® we get Py=tmNc* 
where V=/°, Now since at const temp Z3 is const, we have PV= 
const-——the Boyle’s Law, 

(ii) Charles’ Law: From above we find 

PV=1mNc?=2. {mNc*?=2 K.E, of all the molecules 

Above we have found that 

Total K.E. of all gas molecules =const X T. 

Hence V=} K.E /P=# const x 7/P. 

If P is kept const then 

V=constXT or Vo which is Charles’ law, 

(iii) Avogadro's Law: Let us have two gases at same temp 

pressure and volume, Then we must have 
PV} m,N,C,2=} m, Noes” 

Since they are at the same temp, the kinetic energy of indivi- 
dual molecules of the two gases are equal i.e, 4m,¢,2—=1 mga’, 
So N,=N, ie. molecules in equal volumes of all gases under the 
Same pressure and temp are equal in number which is Avogadro's 
Law. 

(iv) Grahams Law of Diffusion: It states that the rate of 
diffusion of a gas through a porous vessel is inversely proportional 
to the square root of its density, From the kinetic theory it is 
obvious that Rate of diffusion cc R.M.S velocity (©) 

Now from the equation IV-6,5.5 we have 

c=V3P[p .". Rate of diffusion 1/ Jp 

IV-6.8. Limitations of the ideal gas laws. Ideal gases have 
been defined as gases which obey both Charles’ law and Boyle’s 
law at all temperatures and pressures, No real gas is perfect 
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because (i) when sufficiently cooled a gas becomes a liquid, and 
(ii) at high pressures the product PV of all gases increases, Besides, 
real gases also show other deviations from Charles’ law and 
Boyle’s law. j 

Real gases do not fully satisfy all the basic assumptions of the 
kinetic theory of ideal gases, It was assumed that (i) molecules do 
not exert any appreciable attraction on one another and that (ii) the 
actual volume occupied by the molecules is negligible compared 
with the total volume of the vessel. When at high pressures the 
molecules of a gas are brought close together, they not only 
experience mutual forces of attraction, but the volume they occupy 
becomes comparable with the total volume in which they are 
confined, When real gases at high pressures are sufficiently cooled 
they tum into liquids due to molecular attraction, 

Besides, molecules have a structure and all kinds of molecules 
cannot be treated as hard, perfectly elastic spheres, In this respect, 
the inert gases (He, Ne, A, etc.) are closest to ideal gases 28 they 
are all monatomic, Other gases have two or more atoms to the 
molecule and gradually cease to behave as perfectly elastic spheres 
as temperature rises, 

As the distance between molecules of a gas increases, the gas 
behaves more and more like an ideal gas, All the above basic 
assumptions of the kinetic theory come closer and closer to fulfill- 
ment as the pressure of the gas diminishes, At extremely low 
pressures any real gas behaves practically like an ideal gas unless 
the temperature is also exteremely low, 

Though the ideal gas laws do not strictly apply to real gases 


under ordinary circumstances, We shall, at this preliminary stage, 
treat all gases as ideal, 


Van der Wals’ Equation of State 3 
that real gases do not obey the equution PV=RT particularly at 


high pressure and low temperature, In an attempt to explain 
this behaviour, Van der walls disregarded the third and fourth of 
the simplifying assumptions listed in § Iv-6 4, 


We have discussed above 


420 ? i HEAT 


He assumed the existence of weak attractive forces between 
the gas molecules (§ II-2,.6D ). Because of this, molecules are 
‘somewhat slowed down near the container walls thereby lessening 

the exerted pressure by an amount say p, He also assumed that 
gas molecules are not volumeless and reduces the volume available 
to the moving molecules by an amount, say b, So he proposed a 
revised equation of state for real gases which is 


(P-+p) V-b)=RT 
or (P+a/V?) (V—b)=RT 
where P is the observed pressure exerted and a, a const given by 
p=a/V?, 
The law is fairly successful in explaining the behaviour of real 
gases, though not fully so, 


IV-7 


CHANGE OF STATE 
A. SOLID TO LIQUID 


IV-7.1 Melting and freezing. When a substance changes its state 
from solid to liquid, the process is called melting. The reverse 
process ie, a transformation from the liquid to the solid state is 
called sclidification or freezing. 

The temperature at which melting occurs under standard 
atmospheric pressure is called the rormal melting point, Similarly, 
the temperature at which solidification takes place under a standard 
atmosphere is the normal temperature of solidification, or normal 
freezing point. Melting points are slightly affected by change of, 
pressure. 

For a pure crystalline substance these two temperatures are the 
same and a sharply defined one. Each pure substance has its own 
particular temperature at which it melts ( unless chemical change 
occurs before melting ), The change from solid to liquid begins 
only when this temperature is reached. The substance remains at 
this. temperature until the change is complete — 
ine substances such as fat, wax, glass etc, pass 
through an intermediate soft state before melting. They do not 
possess a fixed oF sharply defined melting point. In some of 
these substances melting and freezing occur not at the same 
temperature. Thus butter melts between 28°C and 33°C but 
soldifies between 23°C and 20°C. Impure substances and mixtures 
do not have sharp melting points. They melt over a range of 
Sharpness of melting point is, therefore. a test of 


Non-crystall 


temperatures. 
purity, and is used by chemisis 28 such. 
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The following table gives the melting points ofa few subs- 
tances : 


ee ee eee 
Substance Melting point Substance Melting point 
800° C to '000°C Paraffin | Hard | 52°C to 58°C 
about 3500°C Soft 38°C to 52°C 
1083°C Platinum 1769°C 
1063°C Silver 960°8°C. 
Tron (cast) | 1100°C to 1300°C) Sulphur 119°C 
Lead 327:3°C Tin 2309°C 
Mercury | —38°87°C Tungsten 3380°C 
Naphthalene 802°C Zinc 419 5°C 


Melting point is generally lowered by impurities Plumbers 
solder, an alloy of two parts by weight of lead and one part of 
tin, melts at 180°C, though lead melts at 32)°C and tin 232°C By 
adding bismuth ( m p. 271°C toa mixture of 37% lead and 63% 
tin an alloy called Rose’s metal melting at 94°C resulis, Wood's 
metal which contains 50% bismuth, 25% lead, 125% antimony 
(m.p 630 5°C) and 12:5% cadmium m.p 320 9°C), melts at 65 5°C. ; 

Firefighting and alarm devices used in factories make use 
of such low melting elloys. Water pipes are fixed to the ceiling, 
and at intervals nozzles filled wish the alley are fitted. If fire 
breaks our the alloy melts and water is sprayed into the room. 
Another part of thedevice, a bimetallic thermostat rings a warning 
bell at the same time. 

. IV-72 Latent heat and its origin. When a substance is heated, 
its temperature rises, Jt is supposed that its molecules then vibrate 
with incresing amplitude as the temperaiure rises.. The energy 
required’ for the larger vibrations comes from the heat supplied. 
This heat is called sensible heat. It increases the kinetic ides 
of motion of the molecules. 

But the heat supplied to a solid during melting does not raise 
the temperature. Where does then the energy go ? 

In crystalline solids, molecules are arranged in regular b 

geometrical patterns in space, (sec fig. II-2. 1. ). They are held in ; 
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their equilibrium positions by forces of mutual attraction and 
repulsion, We have seen that in § I1-2-5. Instead of being at rest, 
the molecules vibrate about their- equlibrium positions with fie- 


quencies of the order 101#/s, This kinetic energy is proportional 
to absolute temperature. We bave seen that in the last chapter. 


The energy supplied toa solid at its melting point is used up 
in destroying its geome rical arrangement, thus melting the solid 
into a liquid without change of temperature, The heat which has 
to be supplied to a solid at its melting point to produce a change 
in state without change in temperature is called latent heat. The 


latent heat increases the yorenial energy of the molecules, and is 
given out by the liquid when it freezes. 


Th: specific latent heat of fusion ( or melting ) is the amount of 
heat required to convert one gram of solid into liquid withc ut any 
change of temperature. The same amount of beat will be given 
out by 1 gram of the liquid when it solidifies at its freezing point 
without change in temperatuie. 

Use of the word specific to mean per unit mass is of late origin. 
Older texis write ‘latent heat’ 10 mean ‘specific Tatent heat’, that 
is, latent heat per unit mass. The statement that “Latent heat of 
ice is 80 caloris” is a loose statement and means 80 calories of heat 
will be required to convert 1 gram of ice at 0°C tol gram of water 
at 0°C Latent heat is expressed in heat units per unit of mass, 
such as calories per gram (or Btu per Ib etc). 

The following table shows the melting points ard latent heats 


of a few substan. es :— Py T 


Substaoce Melting point (in°C) | Latent heat (in cal/g) 

ee 8 ae eee ge 
i 167 447 

Ni E: Ci 
Benzene : “4 1 
Glycerine 
Ice 197 
Lead 6 
Mercury 28 
Sulphuric acid 24 
Tin 14 
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The large latent heat of water ‘may be utilised to prevent damage 
to meat, fruits and vegetables in storage. Ex'reme cold’ may 
freeze their sap or otherwise reduce their food value, To 
prevent such freezing, « few buckets of water are kept in the store | 
room. Wien the temerature of the room goes below 0°C the 
water in the buckets grrdually freezes and releases its latent heat, 
This raises the temperaiure of the room and it may not go down 
far enough to freeze the sap Freezing releases the jatent heat; 
freezing may thus be considered as a heating process. L 

No freezing occurs unless latent heat is extracted. A liquid will 
not freeze by merely reaching its freezing point, Latent heat of i] 
fusion must be extracted from it. This can be easily proved by 
keeping water in a small phial fully surrounded by ice. The water 
will soon reach the freezing point (0°C), but will not freeze, It 
must be cooled below 0°C, even though slightly, so that the latent 
heat may be extracted, (Loss of heat lowers the temperature of a 
body. On this view, Jotent heat is not heat, but internal potential 
energy of the molecules of the liquid. oF 

The same applies to melting. A solid kept at its melting point + 
will not melt unless the latent heat is supplied, D 

IV-7.3. Swupercooling, Sometimes, a pure liquid, cooled 
undisturbed, does not freeze even though it has been cooled below 
the normal freezing point, ‘This phenomenon is known as 
supercooling. Sodium thiosulphate (popularly known as ‘hypo’), 
thymol, naphtalene, etc, can be melted and then cooled carefully, 
much below their normal freezing points without freezing: — 
Supercooled liquids are very unstable ; ; a slight disturbance or 
the addition of a crystal of it may be enough to start solidificia= 
tion of the whole mass. The temperature rises to the normal 
freezing point at the same time. 

Sublimation. There are some solids which, when heated, directly pass om 


to tho gaseous state without passing through the liquid one, This phenomenon is 
called sublimation. Camphor, iodine, dry ice (solid OOg ) sublime even at tho room 
temperature, Sublimation also requires latent heat. 
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IV-7. 4, Determination of the latent heat of ice. Take a clean 
dry calorimeter with a wire gauze stirrer and weigh it empty. 
Fill it partly with water and weigh again The difference gives 
the weight of water taken (mg). The wire-gauze is necessary 
to keep the lighter ice pieces submerged in water, 

Put a thermometer init and record the initial temperature. 
Let it be t;"C. 

Take one or two small pieces of ice and soak away all water 
from them by means ofa piece of blotting paper. Holding the 
ice piecesin the blotting paper, drop them into the calorimeter. 
Stir the water keeping the ice immersed under water below the 
stirrer. Note the lowest temperaturature reached. Let it be tC. 

Wait till the calorimeter and its contents are again at the room 
temperature. Weigh them again. The excess in weight gives the 
amount of ice added. Let the mass of ice added bem g, 

Let W be the water equivalent of the calorimeter, and Z, the 
latent heat of ice per gram, 


Then, ‘heat lost by the calorimeter =Wh-); 
heat lost by the water =mi- t); 
heat gained by ice on melting “mL; 
heat gained by water formed of ice amt. 
Since heat lost= heat gained 


we have (W+m) (t -t)=mE+ mt 
pePtma=)_, (IV-1.4.1) 


Note; To guard against such a fall in temperature of calori- 
meter as will deposit water from the atmosphere on its sides, only 
one or two small pieces of ice should be added. 

The method is that of mixtures, It can alternatively be found 
by Black’s Ice calorimeter, § IV-2. Uesing a ball of known sp. heat, 
specific latent heat can be found from eqn S=mL/Mt, But the 
method is not so accurate, 
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Example. IV-7.1 100 g of ice at—10°C are heated till fully 
verted into water at 30°C, Find the amount of heat ne 
( Given, latent heat of ice= 80 cal gand specific heat of ico= 
eals Ch oa v4 

Solutions Heat required to raise 100 g of ice from—10°C to 
0'C= 100 X05 10= 500 cal. 

Heat required to melt 100 g of ice at 0°C into water at oc a 
necesi cal. 
_ Heat required to raise 100 g of water trom 0'G to 30 OAE 
30 cal. 

^ Total heat required = (S00+8000-+4+3000) cal = 11500 cal. 

Ex. IV-7.2. 75 grams of water at 100°C are added to 20 
of ice at—15°C. Find the resulting temperature. (Given, 
heat of icom0.5 and latent heat of ice= 80 cal/g.) 

Solution: Let tbs the final temperature. 

Heat lost by the warm water=75%1X(100—t) cal. 

Heat pained by ice for being raised from—15°C to 0'C 20% 
0.5 X15 eal 

Heat required for melting of ice 20x 80 cal, 

Heat gained by water (formed of the ice ) for being -ra 
from 0 C to PC 20 x 1 xt cal. 

s 75x000- the 150 +1600 4 204 whence t= £0.52°C 

Ex. 1V-7.3 20 grams of water at 100°C are added to 75 
of ice at— 15°C. Find the result. 

N.B. Nove that this problem is of the same nature as the 
previous one, If treated in the same way it will give a common 
final temper ture lower than thet of the ice. Obvicusly this. 
absurd as by adding hot water the temperature of ice cannot b 
lowered. af 

The fallacy lies in assuming that all ice has melted. This is 
trae in the first case, but does not hold for the second. 


The followieg method of treatment is recommended. 
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Heat required for raising 15 g of ice from—15°C to OC=75 x 
0.5% 15 = 592.5 cal 

Heat required for melting 75 g of ice at O'C to water at PCa 
75 x 80 = 6000 cal. 

Now if the hot water cools upto O'C the heat given out will 
be 20 x 1x 100= 2000 eal, OF this heat 5925 cal will be required 
to bring the ice upto 0°C. The remaining 1437.5 ca) will be 
available for melting ice. 

The quantity’ of ice melted would be 1437,5/80= 17.97 g. 
The result will be 57.03 g of ice and 20+17,97 g of water at 0°C, 

Ex, IV-74, 900 g of iron at 500°C are transferred into a hole 
in a block of ice and 680 cm? of water collected from it, if the 
specific heat of iron is 0'12, find the latent heat of ice. 

Solution ; The mass of 680 cm? of water 680 g Iron cooled 
from 500°C to 0'C, Hence heat lost by iron 900 «0,12 x 500 
cal, The heat gained by ice= 680 x L. 


oil. The water equivalent of the calorimeter is 40g. When 15 g 


the specific heat of parafie, i i 
Solution; Heat lost by parafia 5220 x a X (20—20)= 22004. 
Heat lost by the calorimeter = 40x 10400 cal. l 
Heat gained by ico in melting= 1$% #0= 1200 cal, 
Heat gained by water so formed in rising from 0'C to 20°C i 
w= 15 x20 m 300 cal. 
220074400 1500, whence s=0.4. 
1V-75. A. Change of voleme on melting. The volame of most 
solids increases on melding ; pur there area few substances, vis’ 
ice, cast iron, bismuth, antimony and typemetal, which show a 
decrease in Volume on melting. This property of cast iron and 
type metal is ken advantage of im making castings of various 
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designs from iron and in the manufacture of types for printi 
The fact that ice floats in water is of great consequence in keep 
aquatic animals safe im the seas of the arctic regions or in 
which freeze in winter. 
In expanding on solidification water exerts ® corside 
force. The following examples testefy to that. 
~- J. In cold countries water pipes are sometimes found to burst 
winter, hot water pipes bursting more often than cold water pip 
Hot water contains much less dissolved air than cold water. 


_ pipes may thus be saved from bursting. 
2. Boulders which have retained some water in (heir cracks ma 
fall inte pieces when, in cold winter nights, the water in the 
cracks freezes and expands, This triggers off deadly avalanches 
~ on high mountains. ) 
B Calorimetry based on Decrease of Volume of Ice on Melting. 

Bunsen’s lee Calorimeter. This is the most accurate of oll ic 
calorimeters, Tis action depends on the change of volume 

ice undergoes on melting. 

Description. It consists of a test tube P sealed to the wider 
limb Q ofa U-tube SQ ( fig IV-7, 1). The upper part of Q if 
filled with water from) which air has been expelled and the 
remaining portion of the U-tube contains mercury up to the 
mouth of S. The mouth is closed by a rubber stopper through 
which pesses a bent gles tube R of narrow bore. A scale is placed 
behind R. The screw T through the stopper is used for adjust 
the position of the free end of mercury in the tube R. ‘ 

Procedure, action and theory. To work with the apparatus the 
whole of it is pleced in melting ice for about 12 hours so that the 
tempera:ure of the contents reaches O'C. Some ether, previously 
coöled to 0°C, is then poured into the test tube P, Ait is blows 
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through the ether, which evaporates and produces local cooling. 
As a result some water in the limb Q of the U-tube deposits as ice 
on the sides of the test tube 
P. When all the ether has 
been evaporated a small 
quantity of water st oc is 
put in the test tubs. The 
position of the free ond of 
the mercury thread in the 
tube R- is then suitably 
adjusted by working T and its 
reading off the scale taken. 
piece of the 
experi al solid at 8 
known initidl temperature is 
introduced into the test tube 
and the open mouth of the 
test tubo plugged with cotton. vig WTA 
The solid loses heat, which ` 
melts some of the ice around P. As ihe volume of ice diminishes 
on melting, the mercury thread in R recedes towards S. When the 
mercury thread attains a steady position the solid must havo 


°c. 

if We Gould know the mass m of the ice melted, wecould apply 
the säie formula as in Bisek's ice calorimeter, vis, s= mL, Mi. But 
mm canot be Cetermiined directly. The shift of the mercury thread 
Ww kn bwa kid the itiner crow-téctlon of the tube R is determined. 

in volume office v on melting ix found. 

Since weknow that à ‘diminution ‘of 00907 oč takes place 
when t gram of ico melts, a diminution of ¥ ee, must be ‘due to 


the ae in St papii. Seitating thia valos of m in the eq. 
MS(to)mmL we bavo -pa oe (1V-7.5.1) 
‘9 
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Advantages, The apparatus can be conveniently used to 
smeasure the specific heat of a substancc or the latent heat of ice 
accurately. (i) It can measure the specific heats of small bodies, 
such as gems, pearls etc., or of rare materials which can only be 
obtained in small quantities ; there is (ii) no loss due to radiation, 
the greatest source of errorin the method of mixtures, (iii) the 
water equivalent of the calorimeter need not be known (iv) nor 
are thermometers necessary. 

IV 7.6. Effect of pressure on melting point, Melting point of 
substances are slightly affected by pressure. Most liquids contract — 


on cooling and this continues till they turn solid. In these — 


cases increase of pressure assists the change from liquid to solid, 
Such a liquid will therefore, freeze more easily, that is, ata 
higher temperature when under pressure. Liquids like water 
which expand on freezing, will freeze at a lower temperature 
when subjected to pressure. Here the increase in pressure opposes 
the change ; hence it becomes necessary to reach a Lower tempera- 
ture before freezing can take place. Ice melts at—1°C under a 
pressure of about 134 atmospheres. 


Reduction of pressure on ice will raise its melting point, Ina. 


vacuum it melts at about 0.072°C. 


ASAF Regelation. The familiar phenomenon of fusion of two 
pieces of ice to form a single piece by pressure isan example of ; 
lowering of melting point under pressure When two pieces of 
ice are pressed together the points of contact between them are 
subjected to high pressure Hence the melting point at these 
places is lowered. The actual temperature at these points, i, e, 
0°C, is higher than the melting point under the condition of high 
pressure. Hence ice melis at, these points taking the latent heat 
from their immediate surroundings, When the pressure is releated 
the water around the points of contact freezes as it is Jower than 
0°C due to the abstraction of latent heat from it during melting. 
The two pieces are thus ‘cemented together, The melting of ice 


i 


f 


i 
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by pressure followed by solidification of the water so formed on 
removal of pressure, is known as regelation, 

ec ges of the skate exerts a high pressure on the ice, The ice below 
the steel edge of the skate immediately melts, This reduces friction 
the water solidies as the pressure on it has been reduced. 

B. Bottomley’s experiment. A single ture of bare, thin copper 
wooden blocks as shown in fig. IV-72 
and is loaded by a weight of several 
to cut through the block of ice and i h= 
pass out of it, while the block remains 
intact. This is no magic. — 
rather high pressure on the ice just below 
it and lowers the melting point at that PETA 
heat from the surroundings through the copper wire. Copper is 
a very good conductor of heat. The water so formed flows round 
removal of this pressure oa it, The latent heat it gives out passes 
through the wire and supplies the latent heat of fusion for the 
cemented as soon as the wire cuts through it. 

For the success of the experiment it is necessary that heat be 
the wire. ‘The wire must, therefore, be made of a material which 
conducts heat well, The experiment will not succeed if the wire is 

C. Glacier and lava. High up on the mountains there are 
heavy deposits ofice, Ata particular depth from the top the 


Skating onice is another example of regelation. The steel 
to the motion of the skate, As soon as the skate moves away, 
wire ,s wound round a large block of ice supported on two 
kilograms. The copper wire will be seen 

Due to the load, the thin wire exerts a 
place, The ice at that place, therefore melts, taking the latent 
the wire which sinks. This water freezes immediately due to the 
ice below the wire. This process is repeated and each layer is 
allowed to flow from the solidifying water to be melted below 
a bad conductor of heat (a string), nor if the wire'is thick. (Why 7) 
pressure may be enough to push the melting point below the 
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actual temperature at that depth. The ice at that place, therefore, 
melts and detaches the portion above it from the. general mass, i 
The detached portion moves slowly down the slope. These large 
moving ice-masses, which may be looked upon as solid rivers of 
ice, ate called glaciers. The lowest layer ofa glacier is always 
melting. Our Himalayan rivers tise from such glaciers. p 
A volcano occasionally gives out a stream oflava, This may. 
be explained as follows. The basaltic igneous rocks below = 


earth’s crust containing sedimentary rocks etc., are at such a 
temperature that they would remain in the molten state under 
normal pressure. But due to the pressure of the carth’s crust their 
melting point is raised (for basalt increases in volume on melting), — 
These rocks thefefore exist in a semi-solid state. When for'any 
reason the pressure over the hot semi-solid substance is reduced, 
as may occur during a volcanic outburst, the basaltic rock 
becomes fluid due to the removal of pressure and the molten mass” 
gushes forth through the crater as lava. i 
While flowing along the mountain slope the lower layers 
the lava siream will solidify earlier. The lower layers havea 
higher freezing point as they are subjected to the pressure of the 
upper layers. Liquid lava flows over the solidified lower layers, 

Heavy Ice, It has been shown by Prof, P. W. Bridgeman 

the Harvard University, U. S. A., that when water is frozen un 
a pressure of nearly 20,000 atmospheres, the ice formed is heavi f 
than water. This heavy ice formed under a pressure of 20,000 
atmospheres melts at a temperature of 76°C. mis Í 


1v-7.7, A. Freezing Point ofa Solution: A pure solvent may 
have a definite freezing point, but if a solute is dissolved in it the 
freezing, point is lowered. Thus pure water freezes at öc, but a 
solution of common salt in water freezes at a temperture lower 
“than O°C. the actual temperature of freezing depending on thel 
concentration of the saltin solution. The higher the concentra- 
tion the lower the freezing point. i 
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When a solution of common salt is gradually cooled below 0°C 
some water freezes below a certain temperature depending on the 
concentration, The ice so formed does not contain salt, With 
gradual cooling more and more water freezes and the percentage 
of salt in the remaining solution increases. This continues till 
ata temperature of —21.2°C the solution freezes as a whole, 
In this conditon the solution contains about 22.4% of common 
salt. If originally more salt than this is dissolved in water 
and the solution is gradually cooled, the excess of salt is deposited 
as crystals, The temperature at which a solution freezes as 
a whole ( without separation of solute or solvent ) is called the 
eutectic point and the mixture is called a 

B. Freezing mixture s When salt is mixed with icethe heat of the 
salt melts some ice anda saturated solution of salt at 0°Cis formed. 
But ice cannot remain in equilibrium with such a solution, just 
as it cannot do sò with pure water above 0°C. So the ice melts 
drawing the latent heat from the system, which cools, If enough 
salt is present this cooling continues until the eutectic point is 
reached, at which theice and the solution can remain in 
equilibrium. Cooling is aided by the heat absorbed when a salt 
dissolves in water 

If there is not enough salt the eutectic point will not be 
reached. It there is more salt than is necessary to reach the 
eutectic point when all the ice has melted, the extra salt will re- 
main undissolved. Its heat will prevent the temperature from 
going down to the eutectic point. So will leakage of heat from 
the surroundings. 

When powdered ice and salt are mixed in the proportion 
4:1 by weight the temperature falls to 18°C. Ifice and CaCl, 
are mixed in the proportion 7:3 the temperature falls to —50°C. 
A mixture of powdered ice and KOH in the same proportion will 
make a better freezing mixture. 

Freezing mixtures are used to freeze milk-preparations the 


well-known ice-creams. 
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IV-7.8. Laws of Fusion : Su mmarising what has gone before we 
have (i) All substances begins to fuse ata characteristic temp, 
constant for a crystalline substance provided the pressure onit is 


unchanged. So long as the whole mass does not melt the temp 
does not change. For non-crystalline substances, fusion oecun 
over a small range of temp. ; 4 : j i 
(2) Ifa substance expands on solidification (like ice ) the 
m: p. is lowered with rise in pressure ; most substanc:s contrac 
on melting and for them a rise in pressere leads to rise in m.p. i s 
(3) For analloy its m.p is lower than that of any of its 
constituents. i f, 
(4) Fora crystalline solid, specfic latent heat fo fusion isa 
constant characteristic of the substance. Ay 
(5) Fre:zing point of a solution is always lower than the © 
freezing-point of the pure solvent. i 


B. CHANGE OF STATE ( LIQUID TO VAPOUR ) 
1V-7.9.A. Vaporization, When a liquid is heated it ultimately 
changes into vapour. Such a change is called vaporization. It 
can take place in two ways, Viz. (by 
evaporation, and (ii) by boiling. The reverse 
process of change of state from vapour to 
liquid is called condensation or liquefaction. 
Vapour exerts pressure like a gas. This may 
be seen as follows. 

Take a barometer tube filled with mercury 
and invert it over a mercury trough. 
Introduce a few drops ofa liquid, such as 
water, alcohol or ether, into the tube with 
the help of a bent pipette (fig. IV-7.3). As 
the first drops rise through the mercury 
column and reach the vacuous space above, 
they turn completely into vapour. The 
vapour so formed depresses the mercury 
column, showing that it exeris pressure like 
a gas, 

As you introduce more and more of the liquid into the 


Fig. 1V-78. 
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tube, a state will be reached when it no longer evaporates, but 
accumulates on the mercury surface. When this condition is 
reached, the pressure exerted by the vapour increases no more, 

These observations show that (i) a vapour exerts pressure, and 
(it) there is a limit to the amount of vapour that a space (here the 
Torricellian vacuum ) can hold, If we increase the temperature 
of the Torricellian space by surrounding it with a suitable bath, 
it will be found that the maximum vapour exerted by the liquid 
increases with rise of temperature and the space can hold more 
vapour at higher temperature. 

By using different liquids, we can see that the maximum vapour 
pressure a liquid can exert at a given temperature depends on the 
nature of the liquid. 


B. Vapour pressure. When a liquid is confined in a closed 
space, the escaping molecules move about at raniom in the 
available space. They constantly collide with the walls limiting 
the space, Thus they exert a pressure at every point of the 
boundary surfaces including the liquid surface. Some of tke 
molecules impinging on the liquid return to it while some others 
leave the liquid, Soon a state of equilibrium is reached in which 
as many molecules leave the surface as enter it in & given time. 
When this condition has been reached the pressure exerted by the 
vapour isa maximum. This pressure is variously known as the 
equilibrium vapour pressure, maximum vapour pressure, saturated 
vapour pressure ( abbreviated SVP ) or simply, vapour pressure of 
the liquid. For a given liquid SVP is detemined only by the 
temperature. Its value increases with rise of temperature, and 
depends on the nature of the liquid. The nearer a liquid is to its 
normal boiling point the greater will be its vapour pressure. 

IV-7.10 Evaporation. Evaporation is the slow process of 
conversion of a liquid into the vaporous state, It is easy to 
confirm the following facts about evaporation, Many of them are 
part of our daily experience. 


si 


136 HENE 


(i) Evaporation takes place at all temperatures and under all 


pressures. zi 
Gi) The rate of evaporation increases with rise of 


temperatare: 

(iii) The rate of evaporation also depends on the pressures 
The lower the pressure on a liquid the faster will it evaporate; 
Evaporation is quickest in a vacuum, à 

(iv) The greater the area of the exposed surface the greater 
the evaporation. 

P o) Evaporation is speeded up by a cursent of ait over tel 
qE À 

(vi) The rate of evap:ration depends on- the amount of the i 
of the liquid present over the liquid surface. The higher it is the 
slower is the evaporation. A moist cloth dries much slower on a — 
wet day than on a dry day because there is more moisture ina 
wet day: ? ! 

(vii) Of two liquids the one which has a lower boiling point will — 
evaporate more quickly, Ether evaporates much more quickly 
than alcohol, and alcohol quicker than water, The boiling points — 
of ether, alcohol and water are 35°C, 78°C and 100°C respectively. 

(viii) Heat is required for evaporation. If it is not supplied 
the liquid cools itself or its surroundings to get the heat. 

- All liquids have a tendency to turn into vapour atall tempera- 
tures. This tendency is measured by the maximum vapour 
pressure a liquild can exert at the temperature at which it is. 
Vapour pressure rises with increasing temperature. A liquid 
begins to boil when its vapour pressure equals the pressure on it. 

The average kinetic energy of the molecules of a liquid 


depends on its temperature, and diminishes with lowering of 


temperature, In evaporation, some of the faster molecules near 
the liquid surface overcome the attraction of the rest of the liquid, 
and leave the liquid, When a liquid loses its faster molecules, 
the average molecular kinetic energy is lowered. This means a 
lower temperature, that is, cooling. Unless heat enters the liquid 
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from the surroundings, its temperature will be lowered due to 
evaporation. ` 

In rapid evaporation, there can be much cooling because the 
fas er molecules are carried away very fast. 

IV-711. Boiling. Take some water ina flask fitted with a 
rubber stopper. Pass through it a thermometer, an open-tube 
manometer, and a delivery tube provided with an india-rubber 
tubing and a pinch cock ( fig. IV-7,4) 

Heat the flask slowly over a Bunsen flame, As the temperature 
gradually increases you will find more and more steam rising 
from the surface. ( This is not boiling). Also, the dissolved air 
ip the water forms into small bubbles, rises to the surface and 
escapes, At about 70°— 80°C, small bubbles of water vapour will 
beseen to form at the bottom of the 
flask, They rise and collapse as they reach | he 
the upper layers of colder water. At this s; 
stage a simmering sound is heard. In the 
final sage the bubbles rise to the top and 
burst at the surface. When this happens 
we say that the liquid is boiling. During 
boiling, vapour rises to the surface from all 
poi nts throughout the liquid. The tempera- 
ture of the liquid remains consant so long 
as the boiling continues. 

The vapour within the flask is invisible 
like air, As it comes out of the delivery Fig lV, TA 
cube it condenses into small water drops 
which look like a white cloud. This cloud soon vanishes as ‘the 
droplets evaporate in the open air. 

During boiling, the manometer registers a constant pressure. 
When the delivery tube is wide open, mercury in both limbs of 
the mianometer stands at the same height, showing that ‘the 
pressure inside the flask is equal to that of the aimosphere. 
If boiling has continued long enough we may safely conclude 
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that air inside the flask hes been completely replaced by water 
vapour. Sothe pressure inside the flask is that exerted by the 
water vapour only, This shows that when there is a free communi- 
cation with the atmosphere a liquid boils when its vapour pressure is 
equal to the atmospheric pressure. 

The constant temperature at which a liquid boils under normat 
atmospheric pressure is called its normal boiling point. The boiling 
point of water under a pressure of 76 cm cf mercury is 100°C, 

IV-7.12 Effect of pressure on boiling point. 

(1) Increase of pressure on a liquid raises its boling point. 
During brisk boiling, close the pinch cock partially ( fig IV-7.4". 
Ifitis closed enough so that rate of outflow of steam through 
the tube becomes less than the rate of generation, the manometer 
will show a higher pressure in the flask. 
The thermometer also shows a higher 
temperature when the liquid boils under 
this condition of increased pressure on its 
surface. 

We, therefore, conclude that an 
increase in pressure on the liquid surface 
results in an increase in the boiling point 
of a liquid. 


(2) Lowering of pressure on a liquid 
lowers its boiling pont. 


(a) Franklin’s experiment. Take a flask 
half-full of water and boil it briskly. After 
boiling has proceeded for some time so 
the air inside has been driven out by water vapour, remove the 
flask from the flame and quickly close it with a rubber stopper- 
Note that boiling stops immediately. Now invert the flask on a 
retort holder and pour cold water on it (fig IV-7.5) The water 
within the flask will be seen to boil again. This boiling lasts for 
a short time. The experiment can be repeated several times 
after the first boiling. 


SID, 
VU 


Fig, IV-7. 5. 
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The explanation is simple. Part of the water vapour above 
the surface of the liquid condenses into water due to the cooling 
of the surface of the flask. This results in a diminution of pressure 
on the liquid surface. If the pressure is lowered below the vapour 
pressure of the water in the flask, the liquid boils. 

This shows that aliquid may be made to boil ata lower 
temperature than its normal boiling point. This happens when the 
pressure on it is reduced below the normal atmospheric pressure. 

Boiling under reduced pressure has its application in industry. 
There are chemicals, such as H203, which decompose b:fore 
reaching the normal boiling point. In manufacture, they are 
separated by distillation at a reduced pressure. 

In the sugar industry, sugar is separated by crystallization 
from solution.. The syrupy solution has a < 
high boiling point, Itis made to boil at a 
lower temperature by reducing the pressure 
onit, This economizes fuel consumption. 

(b) Boiling of water at room temperature. 
Water may be made to boil at room tempera- 
ture without heating. For. this putpose a 
high speed exhaust pump and towers contain- 
ing absorbents of water vapour, such as 
anhydrous CaCly, are necessary. 

Take a rather small quantity of water: 
in a flask and close it with a rubber stopper. 
Through the stopper pass a thermometer 
and two glass tubes, one of which is connected to the pump and 
the other toa closed-tube manometer (fig. IV-7.6). The pump is 
connected to the flask through two absorbing towers containing 
fused calcium chloride. See that the system is leak tight. Now 
work the pump, When the pressure falls considerably the water 
in the flask begins to boil at the room temperature. As the boiling 


is continued the thermometer may register a temperature a little 
lower than the room temperature. 


TO PUMP — 


Fig. IV-7. 6. 
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(c) For a liquid to boil, its vapour pressure must be equal to the 
pressure on it. A liquid is said to boil when bubbles of vapour 
formed within it rise tothe tcp and burst on the surface. The 
pressure inside a bubble is due to the vapour it contains, To form 
this bubble the vapour must push the liquid away at the place 
where it is formed, For this purpose the pressure of the vapour 

: mustat least be equal to the pressure at that place of the liquid, 
Hence the vapour pressure of the liquid must at least be equal to 
the pressure on the liquid. 

At lower depthsin a liquid the temperature must be a little 
higher than at the top so that bubbles may form. Hence in 
measuring a boiling point, the thermometer should be placed in 
the vapour, and not in the liquid. 

Boiling point of a solution. Make an arrangement as in 
fig. 1V-7.4. Add some salt to the water in the flask and put the 
thermometer bulb within the liquid. Note that boiling. sets in at a 
higher temperature when the salt is added. 

Slowly raise the thermometer above the liquid in the flask. 
Note that the temperature recorded gradually diminishes until it 
is the same as we would get if we had pure water boiling inside, 
This shows that the boiling point of a solution is higher than that. ` 
of the pure solvent under the same pressure. But the temperature ; 
ofthe vapour is ultimately thesame as for the pure solvent 
boiling under the same pressure. 

Boiling point of a solution rises with its concentration. 

IV-7,13. Characteristics of boiling and factors affecting it, 

Summarising, we may say as follows : om 

(i) Boiling takes place at a definite temperature under a 
definite pressure. The temperature at which aliquid boils under 
normal atmospheric pressure is called the normal boiling point. 

(ii) For pure liquids the temperature at which boiling takes 
place at a given pressure depends on the nature of the liquid. 

(iii) A liquid boils when its vapour pressure is equal to the 

Pressure -on its surface. Hence the boiling point of a liquid rises 
or falls with the pressure on it. 
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(iv) Ata given pressure, the boiling point of a solution is 
higher than that of the pure solvent, But the vapour formed has 
finally the same temperature in both cases. 

(v) Boiling is ‘accompanied by absorption of hcat. The rate 
of boiling depends on the rate of heat supply-. 

(vi) Boiling is accompanied by alarge change ia volume. 1 cm? 
of water, on boiling at 100°C, forms about 1650 cm? of steam. 


Table, Normal boiling points cf some substancesin °C + 


Substance | Boiling | Substance Boiling | Subsiance Boiling 
point point point — 
Aen MESA eS rs) pai ES 

Sulphur | 444° Water 100° | Ammonia | —_ 34°. 

Mercury | 357° Alcohol 18° Oxygen = 183° 

Parafin | 350°-530° Chiorofoim) 61° Hydrogen —253° 

Glycerine | 290° Ether 35° Helium — 269° 


Difference between evaporation and boiling. From the charac- 
Aeristics of the two processes already discussed, we may say that 
the fundamental differences between them ate the following :-— 

(i) Boiling takes place at a definite temperature under @ 
definite pressure, but évaporation takes place at all tempertures 
under any pressure. 

(ii) Boiling takes place throughout the bulk of the liquid 
while evaporation takes place only from the exposed surface, 

1V-744, Hypsometry. Boiling at high altitudes. Atmospheric 
pressure js the greatest at the sea level and diminishes as we go up. 
Since the boiling point, of a liquid diminishes with lowering of 
pressure, We should expect that in hill stations water will boil at 
a lower temperature then on the plains, This is’actually so. On 
Mt, Blane (15, 782 it) water boils at 83°C, on Mt.Everest (29,028 ft 
it would poil at 70°C. It has been estimated that at a height o! 
65,000 ft water would boil at 37°C the human body temp 
Ar this height the water in our body, if exposed, would star 
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The following table gives the approximate temperatures at 
which water boils at the heights mentioned. 


Height above sea-levet Boiling point 
(in ft) 


2000 (= 600 m) 
4000 
7000 
10,000 
15,000 
20,000 
25,000 
It would be scen that the boiling point of water diminishes 
roughly by 1°C per thousand feet (960 ft to be more precise) or 
300 metres of ascent above the sea-level upto about 20,000 f. A 
knowledge of the boiling point of water can, therefore, give us an 
idea of the height of the place above sea-level. 
1V-7.15. Boiling under increased pressure. Cooking at 
temperatures less than 100°C is of great inconvenience. For 
cooking at high altitudes or in a shorter time, & special kind ‘of 
cooker, called the pressure cooker is used. It is now practically a 
common household equipment. 
In some industries, such as the 
paper industry, it is necessary 
to soften materials with water 
boiling at a high temperature, 
Such devices go by the general 
name of ‘digesters’. 


The principle of the cooker or the 
digester may be explained with the 
aid of fig 14 IV-7.7a. The vessel is 
made of thick sheet metal. The lid is attached to it airtight, A 
valve closes an opening in the lid. It is kept pressed in position 
by a suitable weight W (which, in industry, may act through a 
lever). The weight and the position of W determine the pressure 
of the steam in the vessel which will open the valve. If the steam 


Fig. IV. 7. 7a 
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generated within the vessel attains a greater pressure, the valve 
will be forced open and the excess of pressure released. By 
suitably choosing W the water inside may be made to boil at any 
desired temperature. If W exeris an extra pressure of about one 
atmosphere the boiling point of water on the plains will be about 
120°C. Meat can be cooked in 15 minutes with such a cooker. 
The external force on the valve can also be applied by an 
adjustable spring, Modern pressure cookers (IV-7.7 b) have a 
valve wish a fixed weight on it. The temperature inside is about 
110°-115°C. 

Papin’s digester is used in manufacturing paper pulp by 
boiling sawdust and caustic soda under pressure, in the manufac- 
ture of artificial 
silk and for extrac- 
ting gelatine from 
bones. In boilers 
of steam engines 
steam is generated 
under high pressure 
by making water 
boil ata temperature 
higher than 100°C. 


{ Pressure Cooker, A {Aluminium container 
Safety valves open LeLid; B= Bubber sealiog ting; PV. 
when a pre-deter- Pin valve for escape of Steam; 8V = 


mined pressure is Safety valve, H=Handle) 

teached, Boilers of Pig. TV, 7. 7b. 

Jocomotive engines may have a steam pressure of about 250;1b 
per sq, inch (i.e. over 15 atmospheres ) the water boiling at 
about 200°C. ; 

In autoclaves and hospital sterilizers water may be made to 
boil at about 135°C corresponding to a pressure at 30 Ib per sq. 
inch above atmosphere pressure. At this temperature bacteria 
and bacterial spores are killed. Dressings, towels etc. are placed 
in the chambers of the sterilizer, High pressure steam circulates” 
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through an outer jacket. Canning food is cooking under pressure: 
Sealed cans are heated by high pressure steam to about 150°C to 
kill bacteria and also to cook. But it destroys the vitamins. 


IV-7. 16. Latent heat of vaporization. We have seen that 
there is no change of temperature when a liquid boils under & 
constant pressure, Nevertheless, heat must be supplied even at 
the boiling point in order that the liquid may boil. Heat is also 
necessary to evaporate a liquid. This heat, which docs not raise 
the temperature of the liquid, but brings about a change of state 
from liquid to vapour, is called latent heat of vaporization. 

There is some attraction between the molecules of a liquid, 
but in a vapour the mutual attraction between molecules, is 
negligible. To convert a molecule of ihe liquid into a molecule 
of the vapour, it must be removed beyond the range of attraction 
of other liquid molecules. In other words, some energy is 
necessary to effect the change of state and this erergy will rot, as 
in the general case, goto raise the temperature of the liquid, 


~ 


Latent heat of vaporization supplies this energy. It may be — 


looked upon as being stored up as potential energy of the vapour 


molecules, and is released as heat when the vapour condenses. 5 
ý 


Quantitatively, the fatent heat of vaporization is the amount. oF 
heat required to convert unit mass of a liquid into vapour at the 
same temperature, It is measured in heat units per unit mass, 
generally in calories per gram. Latent heat is independent of the 


process by which the change of state is brought about. Whether — 


the liquid changes into the vapour by evaporation or by ‘boiling, 
it requires the same latent heat at a given temperature. aq 

The statement that the latent heat of steam is 539 calories per 
igram then means that, water at 100°C is converted into steam at 
100°C, each gram will require 539 calories for the change of 
state only. When 1 g of steam at 100°C condenses into water at 
100°C, 539 calories of heat are released. 
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More heat is released by condensation of steam than by cooling 
of boiling water. 1 g of water at 100°C will give out 100 cal of 
heat if cooled to0°C. But 1g 
of steam at (00°C gives out 
539 cal of heat on condensing. 
Thus. the heat available by 
condenstion of steam is always 
much greater than the heat 
available by cooling water. > ` 
This is why in cold countries 
steam is led through pipes 
into condensers in a room 
which it is required to heat, 
As the steam condenses it 
gives out its latent heat and 
the condensed water returns through another pipe to the boiler, 

The reason why a scald due to steam 1s:mote severe than one 
due to hot water lies in the larger amount of heat released by the 
condensation of s:eam. ~ 

IV.7. 17 Determination of the latent heat of steam. Take d clean 
dry calorimeter and weigh it. Fill it more than half with water 
and weigh again. Note its initial temperature. 

Boil water in a vessel B (fig. IV-7. 8) provided with a delivery 
tube leading toa steam trap 7, From the wap only steam can 
enter into the calorimeter c through another tube. The condensed 
water will be arrested in the trap and can. oe drained off from 
time to time. A wooden sereen separates, the boiler B from the 
calorimeter C., Allow the stean, to, condense in the calorimeter 
for some time, Stir the water well and read off the final 
temperature after the supply of steam has been cut off. 

Wait till the calorimeter and its contents reach the room 
temperature. Weigh them again, The difference from the second 
weight gives the mass of the steam condensed. 

10 f 


El 


Fig1V-7. 8 
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Let mg initia], mass of water taken. 
~ m'g, =mass of steam condensed. 
W g =water equivalent of the calorimeter. 
1,°C =inivial temperature of water, 


4C =final temperature, 
L =latent heat of steam in calories per gram. 


Then, the heat lost by the steem at 100°C to condense into 
water at 100°C=m' x L cal. 

Heat lost by the water so formed to cool through (100—t)°C 

=m’'(100—?) cal. 

Heat gained by water and the calorimeter 

= (m+W)(t—t,) cal. 

<e mL-+-m(100—t)=(m+W)(t—1t,), from which ZL. can be 
calculated. 

Ex. IV-7.7 11.5 g of steam at 100°C were passed into 480 g of 
wster at 11°C. The temperature rose to 25°C. If the mass of 
the container is 190 g and the specific heat of its material, 0.1, 
find the latent heat 

Solution Let L be the latent heat. Heat lost by 11.5 g of 
Steam a: 100°C 10 condense into water at 100°C=11,5xL cal, 

This water at 100°C falls through (100—25)C’.and the heat. 
lost 11 5x75 cal=862.5 cal. 

Heat gained by -80 g of water F 

=480x1x 25—11) cal=6720 cal. 

Heat gataed by the vessel =190 x 0'1 x (25—11) cal. 

Eyuaiing the heat lost to the he. t gained we have 
11.5L+86 .5—6'20+4266 whence L = 532.5 cal/g, 

tx. IV-7.8 20g. f ice at—15°C are heated till fully turned 
into se-m at 100°C. The steam is further heated to 110°C. 
Find tre amount of heat necessary. Given, latent heat of ice= 80° 
cal/g ; latent heat of steam ~ 5 Scal/g; sp. heat of ice=0.5; sp, 
heat of team =0 48 i 

&S lutions Heat gained by ice in being heated from — 15°C to 
0C=20x0.5x15= 50 cal. 

Hei gai ed by ice io melting at 0°C=20x HASN cal, 


Heat gained by water to rise in temperature from 0°C to 100°C 
=20 X1x 100= 1009 cal. n 


. 
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Heat gained by water at 100°C for conversion into steam at 

100°C =90 x 538 = 10760 cal. 

Heat gained by steam in being heated from 100°C to 110°C 

= 20 x 0.48 x 10 =96 cal. 

-. Total heat required = 14606 cal. 

Ex. IV-7.9 Steam at 100°C is injec’ed into an ice calorimeter and 
100 grams of water at 0°C were collected, Find the amount of 
ice melted, given, latent heat of steam =537 cal/g. and latent heat 
of ice =80 cal/g 

Solution: Let x g of ice melt. Then steam condensed 
=(100—x ) g, 

Heat given out by the steam at 100°C in condensing into water 
at 100°C=537 ( 100—x ) cal, 

Hea: given out by water at 100°C in cooling down to 0°C 
= 100 (100—x) cal. 

Hest gained by ice at 0°C in melting into water at 0°C 
=x 80 cal 

as 537 (100—x)+-100 (100—x) = xx 80, whence x= 88°84g, 

IV-7.18 Cold caused by evaporation, A liquid cannot 
change to vapour unless the requisite amount of latent heat is 
supplied. Hence when a liquid evapora’es, the portion that 
evaporates draws ifs latent heat from its neighbourhood including 
the rest of the liquid if there is no external source of heat. Asa 
result the liquid and its surroundings are cooled, 

This explains a number of phenomena which we come across 
in everyday life. i 

(i) When spirit is pintis on our skin, the spirit evaporates 
and takes the latent heat from the skin, which feels cold. 

Gi) If afer a bath we expsse ourselves to a wind, or after 
perspiration sit w afan the water on our body evaporates 
DARES the latent heat from our body. We therefore feel cold. 

tropical countries av adult may perspire to the extent of a 
a ni rA water per day. A considerable partof it evaporates 
taking from the body the necessary latent heat, which is about 
580.000 calories per litre, This is one of the ways our body gets rid 
of the superfluous Beat, 

(iii) Water inan earthenware pot is cooled in supplying the 
latent heat of evaporation to the water that comes out through the 
pores in the pot and evaporates. 

(iv) The dentist sprays the gum with a liquid known as ethyl 
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chloride before he makes an injection. The rapid evaporation of 
ethyl chloride cools and ‘freezes’ the gum so as to make it less 
sensitive, 

IV-7.19 Freezing by evaporation, (i) Pour a little water on a 
wooden block and place onita thin tin can containing ether. 
Bubble air rapidly through the ether by means of a glass tube and 
hand bellows, The rapid evaporation of ether cools the water, 
and causes it to freeze. The N 
wooden block can then be ; 
lifted by the tin can. 

(ii) Preparation of dry ice, 
which is solid carbon dioxide, 
is an example of freezing by 
evaporation. Liquid carbon 
dioxide contained under 
pressure in a cylinder ( fig. 
IV-7.9 ) issues in a jet through 
avalve, The rapid evaporation of the liquid cools it and a part 
freezes. This is collected in a muslin bag attached to the nozzle, ` 

Dry ice hasa temperature of—78°C. It is used for cooling, 
The ice cream vendor uses dry ice to keep his goods from melting. © 

fon. Use of refrigerators is now very common. You’ 
often see them in a druggist store, a sweetmeat shop or a house- 
hold. They provide cold chambers, around 0°C or less, in which 
you keep food, sera, vaccines etc. for a long time without 
deterioration, Large rooms can be Kept cool in the same way as a: 
household refrigerator and used for large scale storage of meat, 
fruit and vegeterles for months. Ships which transport such items- 
of food {rom one country to another are provided with cooling 
plants in their holds as in refrigerators. 31 

Coolin» in these devices is produced by the evaporation of a 
liquid under reduced pressure in a set of coils called the evaporator 
coily, The coolaat may be ammonia, svlosur d oxide, eth yb 
chloride or freon (CF,Cl.). The coolant is ‘called the refrigerant, 

An ice machine is ın principle a refrigerator which cools brine | 
( he a solution of salt in water ). Tin cans containing pure water 
are embedded inthe brine, Water in these cans is frozen by the: 
cold brine, 64 


Fig, IV-7,9 


/ 
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HYGROMETRY 


1V-8.1, Water vapour in the atmosphere. Evaporation is 
constantly taking place from the surface of water which covers 
more. than two-thirds of the face of the earth. Many millions of 
tons of waterare drawn up into the air every hour, Air must, 
therefore, always contain some water vapour, Though the 
quantity of water vapour is small compared with the other 
constituents of air, such natural phenomena as rain, dew, fog ctc. 
are due to the condensation of moisture inair, ' 

We feel comfortable when the moisture in air lies within 
certain limits Good living conditions, therefore, require a 
controlled amount of moisture inthe air, A similar control is 
necessary for carrying out someindustrial processes connected with 
eotton and wool industries, artifical seasoning of timber, manufa- 
cture of artificial silk etc, Besides, forecasting of weather requires 
a knowledge of the amount of moisture in the air, It, therefore, 
becomes necessary for us to determine the moisture content in air 
atdifferent places and times. ` Hygrorhetry is concerned with the 
measurement of the amount of moisture in the air, 

IV-8.2, Saturated and uosaturated vapour. Before proceeding 
farther it will be worth while to go back to Sec. IV-7.9 where an 
experiment has been described to show that 

(i: water vapour exerts pressure ; 

(ii) there isa limit to the amount of water vapour that a 
given space can hold, 

(iii) the vapour pressure as well as the amount of vapour in 
the given space increases with rise of temperature. 

When a space contains the maximum amount of water vapour 
it can hold at a given temperature, itis said to be saturated with 
the vapour. Othetwise, itis unsaturated. The terms satutated 
and unsaturated are also applied to the vapour itself. The 
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maximum pressure which a vapour can exert at given temperature 
is variously called saturated vapour pressure (abbreviated SVP in 
‘this book ). maximum vapour pressure, or simply, vapour pressure 
of the liquid at that temperature. It easily follows that at a given 
temperature, a saturated vapour exerts the maximum vapour pre- 
ssure. If thepressure exerted bya vapour is less than the maximum 
it can exert at that temperature, the vapour js unsaturated. Oo 
Ifa closed space contains both a Jiquid and its vapour, the 
Vapour is saturated. 
1V-8.3 Dew point. “Ordinarily air does not contain enough 
` moisture to saturate it. If the air at any place is gradually cooled, 
„it will tend towards saturation. At a certain temperature a given 
volume of air will be saturated by the moisture it contains. This 
| tem perature is called the dew point. Further cooling causes dew 
ito appear. When you add ice to water in a tumbler, dew forms on 
_ the outside of the tumbler due to the cooling of the surrounding 
¿air below the dew point, it 
As the total pressure continues to be the local atmospheric 
| pressure, the pressure due to the vapour actually present in the 
air is unaffected by this cooling. Since at the dew point the 
» vapour is saturated, the saturation vapour pressure corresponding 
to the dew point is also the acual pressure due to the vapour 
present. so 
The SVP of water vapour at different temperatures has beem 
accurately determined and compiled into a table. If the dew point 
at any place ata given time be determinsd, the actual pressure 
of vapour in the air could be found by reference to the table. 


Table SVP of Water 


Tempera-| Pressure | Tempera-| Pressure Tempera Pressure 
_tnre (°C) (em of Hg) ture (°C) cm of Hg ture (°C) |(cm of Hg) 


0 0.46 40 5.53 ‘ 80 35.51 
\ 10 0.92 50 9.25 90 52.59 
, 20 1.75 60 14,94 100 76.00 
30 3.18 70 23.37 120 178.9 


— 
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1V-8.4. Humidity of air. We often use the terms ‘dry’ or 
‘moist’ with respect to air. The use of these terms is generally 
dictated by our feeling as to whether the air contains little 
or much moisture. Io reality this feeling depends on two 
factors, viž, (a) the ac\ual amount of moisture present inthe air 
and (b) the moisture necessary to saturate the air under the 
existing conditions, Strictly speaking, our sensation of dryness or 
dampness of air depends more on the ratio of (@) to (b) than on 
the value of (a) The humidity (or dampness) of air may be 
expressed in either of two ways. »iz, (i) by the absolute humi- 
dity and (ii) by the relative humidity. 

The absolute humidity is defined as the mass of water vapour 
present in unit volume of air. It is expressed ip grams per cubic 
metre of air 

Problem : Air at 90°C and 90% humidity is drawn into an alr conditioning 
unit and cooled to 20°C, relative humidty being reduced to 60%, How many 
rams of water vátonr have been removed by the sir conditioner from a oublie metre 
of ale’? CAbadlote Hainidity at 3°0 = 30g/m andat 20°C = 17 glam?) 

‘ r [Ans; 185g/m3] 

The relative humidity is the ratio of the actual mass of water 
vapour present in a certain yolume of the air to the mass of water 
vapour sequired to saturate the same volume of the same temper- 


ature. It is usually expressed aga percentage. If 1 cu metre of 
air at a pat cular temperature contains 18 g of water vapour and 
if 30 g of vapour are required to saturate it at the same tempera- 
ture, the relative humidity is 60%, while the absolute humidity 
is 18g/m*. 

Assuming that water vapour obeys Boyle’s law up the point of 
saturation, the density of the vapour, and hence the mass present 
in a given volume, is proportionol to the pressure it exerts. This 
assumption is not quite correct, but the inaccuracy is not 
important for the purpose. This leads to another definition of 
relative humidity, viv, 


iaio 
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Relative humidity j 
actual pressure of water vapour present in the air 
wee ne preeey ne On WALET Yapour preset = x 100. 
SVP of water at the temperature of the air 

Since the actual pressure of the vapour present is equal to the 
saturation pressure at the dew point, we may also define relative 
humidity as 

Relative humidity 


= Saturation pressure of water vapour at the dew point 00 y 
SEES TESSUT: Waser Vp jå 


Saturation pressure at the temperature of the air 


Ifthe temperature of the air—35°C. dew point=26°C. SVE 
at 35'024. 14mm of mercury and SV Pat 26°C=25'18 mm 
of 1 mercury we have 


25.18 
RH, = = 0 598 = 59.8%, 


The rate of evaporation of water is determined by the relative 
humidity of'air, and not by its absolute humidity. For comfort 
‘the relative humidity of the air in a room should be kept between 
50 and 60%, 


IV 8.5 Measurement of humidity: Hygrometers. They are 
instruments for measuring ihe humidity of air. There ‘are 
different types, namely, (i) dew point hygrometers, (ii) absorption 
or chemical hygrometers and (iii) empirical hygrometers, Of 
fundamental importance in dew point hygrometry are tables of 
SVP of water and ice. We shall consider only one type of dew 
point hygrometer. 


Dew point bygrometer : Regnault’s hygrometer ¢ 


_ The action of dew point hygrometers is based on the definition 

' of relative humidity as the ratio of two pressures. They are used 

with vapour pressure tables which give the SVP of water at 
different temperatures, The hygrometer determtnes the point. 
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In Regnault’s dew point hygrometer, which is the best of the 
‘kind, a glass tube A (fig IV-8.1) closed at its upper end by a 
stopper carrying a thermometer 7, is fitted 
at its lower end with a silver cup B. Ether is 
poured into the cup and fills it completely, T 
Air is sucked through the ether via the tubes 
‘CD. As the ether evaporates the silver cup 
is cooled until it reaches the dew point. Dew 
then deposits on it. 

As soon as dew is detected T is read. 
Another reading is taken- when the dew 
disappears as the apparatus is allowed to 
‘warm up. The mean of these two values give 
the dew point, 

For convenience of comparison, another 
similar tube with the. silver cup only, is 
mounted on the same stand, Apperance of 
dew dulls the. silver surface, Hence its 
appearance and disappearance can be well 
judged by comparison withthe other silver 
cup. Observations ace made from a distance with a telescope. 


Properly handled, it gives aécurite values for dew point. 
Ifthe dew point thus determined is T°C andthe room 
temperatue is T°C, then. 
Saturation pressure of water at rc, 100. 


Relative humidity =-grgraion pressure of water at T°C 


IV-8.6. Dew, fog and cloud. 

Dew, During the day objects on the surface of the earth are 
heated by direct radiation from the sen, and the air in contact 
with them is'also heated. During the night the bodies lose heat 
‘by radiation and those which radiate well, quickly cool below the 
the temperature of the surrounding air. Air in contact with them 


Fig, 1V-81 
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cools too If inthis way the air cools below the dew point, a 
poriion ofthe vapour is deposited as dew on the surfaces of 
adjacent bodies, 

It is evident that the following conditions are necessary for the 
deposition of dew : 

(i) A clear sky. If there is cloud in the sky at night, cooling 
of bodies by radiation is impeded. 

(ii) Absence of wind. If there is wind, air near a cold object 
will not remain in contact with it long enough to cool’ below the 
dew point. 

(ili) Presence of copious moisture in the air, If the initial 
humidity is high it does not require ee cooling to reach dew 
point, 

(iv) The presence of good radiators close to the earth. Such 
objects cool rapidly and bring the air below its dew point. ‘They 
should be close to the earth as otherwise the cooled air will sink 
downwards and be replaced by warmer air from above. 

Dew deposited on grass’ and leaves of plants is formed by 
water vapour given out by the leaves when the air around them 
has been been cooled to the dew point. 

Hoar-frost. When the dew point is below 0°C and the tempe- 
rature of bodies lower still, water vapour in the air condenses 
directly as solid without passing through the liquid state, The 
Solid is depsited on grass, etc, and is known as hoar-frot, 

Fog and Mist. Ina windless night the air at regions near the 
surface of the earth may be cooled tothe dew point, when conden- 
sation of moisture occurs throughout the mass of air. The result is 
a fog or mist. There is no fundamental difference between two. A 
mist in which one can no longer see objects at a distance of one 
kilometre, is usually spoken as a fog. 

The cooling is ordinarily due to radiation from the earth’s 
surface. Hygroscopic particles play an important role in the 
formation of fog and mist. 
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Mountain mists or fogs are due to the contact of the cold air 
coming down from the mountain sides with the warm saturated 

air rising from the valleys. 

Clouds. ‘When'warm, moist air rises from a large surface of 
water, iti gradually cools as it rises higher into the atmosphere. 
When the temperature of the ait as a whole is reduced below the 
dew point, a cloud is formed hy the condensation of vapour in the 
form of small droplets. The nuclei of condensation are minute 
salt particles originating from the sea and present in the air in 
sufficient numbers. 

A cloud is thus a fog or a mist formed high up in the 
atmosphere. Fora fog or a mist the masses of air involved 
are often at rest or in very slow motion, but not so in a cloud. 

The cooling which leads to the formation of a cloud may 
occur in a variety of ways. The chief causes are (i) the mixing 
of warm saturated air with a current of cold air and (ii) cooling 
by expasion as the air in its assent moves to regions of lower 
pressure and increases in volume, ” 

‘The formation of cloud due to the 
cooling effect of expansion of air can 
be shown by the following experiment. 
A bell jar asin fig. IV-8.2 is connected 
to an exhaust pump throvgh a tube 
passing through its air-tight stopper. 
A thermometer is also inserted, Partial 
vacuum is created within the jar by 
working the pump. When the inside 
and the outside temperatures become 
the same, seme air is admitted from 
outside. The air expands suddenly and 
falls in temperature. If the admitted air 
is nearly saturated and contains dust 
particles, a cloud will be formed as soon as the air enters the jar. 
After a while the cloud disappears. 


Fig I-V 8. 2 
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When air saturated with moisture cools on sudden expansion, 
water molecules preferentially condense on any ions that may ‘be 
present, Wilson, an atomic phyisicist, constructed his ‘cloud 
chamber’ on this principle. This chamber enables us to see or — 
photograph the track of even a single ion passing through it. Thé 
Wilson cloud chamber is a very important instrument it atomic 
physics. Wilson was awarded the Nobel prize for this invention. 
ni Rain. The drops of water in a cloud coalesce and increase im — 
size. Whether they will fall to the ground as rain, depends on the 
condition of the air below the cloud, the upward speed of the 
cloud and various other factors. mah 

The, speed with which a rain drop moves towards the earth 
depends on its size. It is not a free fall under gravity, as 
the resistance due to air increases with velocity. A drop actually — 
falis with a limiting, speed, which depends on its size, Rain — 
drops cannot be Jarger than 5.5 mm in diameter. Larger drops 
break up into smaller ones as they fall. Drops of this size fall 
with a speed of 8 metres per second or about 20 miles per hour. 
Other drops fall more slowly. 

For a rain drop to fall to the ground, (i) the upward veloci t 
of the cloud must be lower than the limiting velocity of fall at 
the drop, (ii) it must not encounter an upward moving mass of i 
air of higher speed and (iii) must survive complete evaporation 
during the fall, A 

Water drops in a cloud, are, constantly going through the 
proc ss of forming into large drops, breaking up into smaller ones 
and coalescing oncé again _Every time a drop breaks there isa 
seperation of electricity. This, is perhaps the principal sourçe 
of electricity in a thunderstorm, Consequently thunderstorms are 
assOviated with heavy rainfall. 
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1V-9,1 The three ways of transfer of Heat, There are three 
different ways in which heat can be transferred from one place to 
another, viz... ; 

(L) Conduction.. When one eni ofan iron rodis put in a 
fire and the other end held in hand, it will be noticed that 
this end gradually becomes warmer. Heat ( vibrational energy ) 
has passed from molecule to molecule along the rod from the 
warmer to the cooler end withoui any sensible movement of ihe 
molecules. This process of transfer of heat is celled conduction. 

(2) Convection. When the heated rod is removed from the 
fire and the hand is placed a few inches above the hot end, it fecls 
warm. Air, heated by contact with the iron carries the heat to 
the hand, Here the heat is actually carried by the particles of air, 
the movement of which is due to a change in density, warmer air 
being lighter than colder air. Transfer of heat duc to the bodily 
motion of the warmer portions of a medium, brovgbt about by a 
difference of density, is called convection, It should be clear that 
convection is impossible in solids, but occurs in liquids and gases, 

(3)' Radiation. If instead of holcing the hand above the hot 
end of the rod, itis held a few inches below the rod, the hand 
feels warm, but not to the same extent as before. Heat could not 
have been transferred by conduction or convection. The process. 
by which heat is transmitted under this cocdition is called 
radiation, The heat that reaches the earth from the sun is trans- 
ferred by radiation. We may say that radiation is the process by 
which heat passes from one body to another across a space without 
heating the space between the two. 

IV9.2 Condoction of Heat, Transfer of heat by conduction 
requires a material medium, The particles of the medium take up 
heat energy from their neighbours on one sice and hand it over 
to their neighbours oa the other side. None of them leave their 
positions. 
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Substances differ in their ability to conduct heat. One end ofa 
glass rod may be put in the fire and brought to red heat while the 
other end is'held inihe hand, But if instead of glass you take 
an iron rod it will not be possible to hold it for long. This shows 
that heat is more easily transferred by conduction through iron 
than glass. We say that conductivity of iron is higher than that 
of glass. You can easily hold a faggot burning at the other end. 

IV-93 Comparing conductivities of different solids— Ingenbausz’s 
experiment. Conductivities of solids may be compared by 
Ingenhausz’s method. The 
experimental materials (copper, 
iron, brass, glass etc.) are 
taken in ihe form of long thin 
tod, of equal length, identical 
in area of crossesection and in 
surface finish They are coated 
with wax and arranged as in 
fig. [V-9 1 with oneend. project: 
ing into a tank in which water is maintained at the boling point. 
Heat is conducted from the water thyough the rods and melts the 
wax. After.a steady tate has been reached, the wax is observed 
to have melted to different distances along the rods. Conductivity 
is proportional to the'square of the distance over which th, wax 
melts. í } 
Metals are ihe best of conductors, silver heading the list with 
copper as a close second. Solids are in 
general better conductors than liquids 
and liquids better than gases. 

The low conductivity of water may, 
be demonstrated in the following way. 
Load a piece of ice so that it sinks in , 
water. Put it ina test-tube about two- 
thirds full of water (fig [V-9.2). Heat the Fig IV-9'2 
tube near the top. The water atthe top will be seen to boil before 
much of the ice has melted. 


Fig 1V-9 1 
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Conductivity of gases is very low. Copper conducts heat 700 
times better than water, and water, 25 times better than air. 
Wood, cotton wool, felt etc. are bad conductors of heat and are 
used as thermal insulators. They cwe their conductivity to the 
innumerable air pockets that they enclose, 

1V-9.4 Thermal condactivfty. Suppose heat is flowing in paralled 
straight fines through a medium. Consider a rectangular slab of 
material of cross-sectional area A perpendicular to the lines of 
flow and of thickness x in the direction of flow ( fig. IV-9.3), The 
quantity of heat Q that passes through the slab in time ¢ is 

(i) proportional to the area 4 

(ii) proportional to the temperature difference 7,—T, between 
the opposite faces 


(iii) inversely proportional to the thickness x, and 
(iv) proportional to z, the time of flow, 


In symbols, we may write Q « aiir or Q=KA mer 

where K is a constant for the material and is called its thermai 
„conductivity (also coefficient of thermai 
condu t vity). (Tį—Ta)/x is called the 
temperature gradient. If we put A, 
(T4—T.)|x and t each equal to unity in 
the equation for Q above, we get K=Q. 
In this way, we can define K by saying 
that thermy] conductivity of a substance 
js he heat transferred in unit time by 


conduction through à plane of unit 
_area under a temperature gradient of unity, the lines of heat flow 


being perpendicular to the plane. 

Units, The definition helps us in finding the units in which 
thermal conductivity can be expressed in a given system. In the 
-cgs system Q will be in calories, A in cm?, 7,—Y, in °C,xin cm 


Fig 1¥-9 3 


and ¢ in seconds, Thus 
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Ke O (cal) x (cm) Het ti OX, cal 

A wath t (8) (7, — T2) (Cc) At(T,-T;) cms°C | a 4 

Thus the cgs unit of K is 1 cal/ems °C or cal cm7 Re 

In the sps system, it is Btu ft-*s-1°F-* In SI units, it is Jm% s71™ 
oK-}, Pi Ne 

Ft 

If we say thermal conductivity of copper is 0:92 in cgs units, 

we mean that 0.92 cal of heat will pass perpendicularly through: 

a plane of unit area in copper in one second if the temperature’ 

gradient at the position of the plane is 1°C percm. Temperature 

` gradient i is the temperature difference between two planes ‘unit 

distance apart, the planes being perpendicular to the direction of 

heat flow, It is also the rate at which temperature changes with F 

distance. 

Searle’s method of determining thermal conductivity. ; 

The method is applicable only to good conductors, A diagram: 7 

nit the apparatus is given below. 4 


3” 


Fig TV-9. 3. 


_ A copper bar about 5 cm in diameter is polished, surrounded 
- by dry felt and enclosed in a wooden box. Steam circulating. 
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through a chamber attached to one end of the bar maintains this 
end at 100°C, A steady flow of cold water is kept passing through: 
a copper spiral soldered round the other end. It keeps this end 
at a steady lower temperature, This enables the rate of flow of 
heatethrough the bar to be measured. Thermometers T, and T, 
are placed in holes in the bar at a known distance d apart. The 
holes contain mercury to ensure good thermal contact, Two , 
more thermometers T, and Ty record the inlet and. outlet 
temperatures of flowing water. yes A 

When allthermometer readings are steady, the number m of 
grams of water flowing through the spiral in a known time ¢ 
seconds is noted. The temperatures are all recorded, 

Let 6, and O, be the steady temperatures indicated by the 
thermometers T} and Ts, and 04 and Os, the inlet and outlet 
temperatures respectively. Then the heat flowing through the 
bar in £ seconds is m ( 03—94 )- Ifr is the radius of the bar, its 
area of cross-section is *r?. Therefore, we shall have from the 


definition of thermal conductivity 
‘r 
m( 63-03) = Kar? (01m 05)t/d; 

Since dll values except K are known, it can bo calculated, 
Using cgs units with ¢ in °C, we get K in cgs units. 

(iii) It may be noted that good thermal conductors, such as 
metals, are also good electrical conductors. In fact, the ratio of 
the thermal conductivity to the elrctrical conductivity is the same 
for all metals at & given temperature, This ratio is proportional to 
the absolute temperature. ( The result is known as Wiedemann- 
Franz law.) Most pure metals obey this law with reasonable 
accuracy at ordinary temperatures. í 

The sameness of the ratio shows that the same process must 
be responsible for conduction of heat and electricity in metals. 
In metals, free electrons conduct electricity. Therefore, they must 
also be responsible for thermal conduction in metals. 

11 


3 


ti 


Dies. eg ee gE J 
Aluminium . 0,50 Lead 0.083 Cork 0 00011 n 
Briss i026 | Mercury 0.020" | Asbestos © “ 0.00030 | 
Copper: ` 0.92 | Water 00014 | Brick 0.0000: 
Silver 0.97 | Glass 00025. | Felt 0 000 
Gold 0.72 | Oak 0:0006 | Air 0.00 


162 i” 
Table of thermai conductivities in cgs units a 
piis (cal cm1 s72 *e?) 


Iron 0.115 | Sand 0.00013 


Example 1V-9.1 Find the quantity of heat that will be 
transmitted in {0 minutes across a plate of copper 1 sq. meire 4 
‘area and 5 cm thick, the difference between the temperatures j 
its faces being 10°C, (K of copper=0.9 egs unit). p 
Solution: Q=KA (T1 -To)t|*. a 
Here K=0,9, 4=100? or10* cm?. T,—T,=10°C, t= 600s,x=5¢ Wer 
Q= = 9.9% 10¢ x 10 x 600/5=1'08 x10? cal. be 

Note that the temperature gradient here is (715 Ta) i 

=2°C|cm. 

BX IV-9. A kettle of well-thickness 1 mm and of total 
side area 1000 cm? is filled with water temperature of which 
is maintained at 100°C. It is found that 120 kg of ice melt in 1 
min. when the kettle is fully immersed in a tub containing — 
melting ice. Calculate the thermal conductivity of the material 
of the kettle, given that latent heat of ice=80 cal/g 

Solution: Here the temperature difference brewcen the. two 
faces of the walls of the kettle is 100°C, Since 120 kg of ice 
melt in } min, the heat transmitted through the kettle in this ” 
time is 120,000 x 80 cal, If K is the required conductivity we have 

120,000 x 80 cal=K x 1000 cm? x 100°C x 60 s/0.1,cm. 
asl, 000x SU REE enhi ) 
7000 cm? x 100°C x 60s r a 

IV-9.5. Some consequences of thermal conduction. (i). When \ 
we alternately touch a piece of iron and a piece of stone, both 
lying in the sun, the iron feels warmer than the stone though, their 
temperatures are the same. Thisis due to the better conducti- 


0.16 cal-cm-? s-2°C>2 


¢ 
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vity of iron, Heat flows more quickly from it and produces an 
impression of greater warmth. When their tempeatures are lower 
than that of Our body, the iron gives the impression of being 
cooler due to the quickness with which heat is transferred from 
the body to it. Ifa piece of metal in arctic cold be touched with 
a finger, the finger sticks to the metal due to the large and quick 
transference of heat. 

(ii) Woollen and cotton garments, The ‘warmth’ of woollen 
garments is due to the innumerable air pockets they enclose, 
Because of the very low thermal conductivity of air, the garment’ 
as a whole has a low conductivity and retards the flow of heat 
through it, Two garments worn together will be more effective 
in preventing heat transference than only one of the same total 
thickness, The layer of air between the two further resists the 
flow of heat. 

Woollen fibres are rough and crooked. So they can enclose 
: innumerable air pockets. Cotton fibres are straight and smoother 
than wool, So they cannot form such air pockets. Hence it is 
easier for heat to pass through cotton garments than woollen 
garments. 

(iii) Water can boil in a paper bag, The temperature at which 
paper catches fire is much higher than that of boiling water. 
This makes it possible to boil a small quantity of water in 
a thin paper bag. Much of the heat supplied to the paper passes 
through it and while this heat raises the water to its boiling 
point, the temperature on the lower side of the paper remains 
below that at which the paper ignites. 

(iy) Copper gauze and flame, When a clean copper gauze or 
spiral is lowered in the flame of a burner, it will be found that 
the flame does not get through the gauze (fig. 1V-9.4). The gauze 
conducts the heat away from the flame so rapidly that the 
temperature on the other side of the gauze is lowered below that 
at which the gas burns, Combustion is therefore confined to the 
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part of the flame below the gauze. When the gauze itself is 
heated to ihe ignition terpera- 


iure, it ceases to. be effective in 
preventing the combustion of 
- the gas above it. 

When the gauze is held 
about an inch above Bunsen 
burner and the flame lighted 
from top, it buras above the 
gauze (fig. IV-9.4.). The 
conductivity of the gauze 
prevents the flame from 
ECR, extending below gauze, 


(v) The high thermal conductiviiy. of copper makes it the 
material of choice in the construction of cooking utensils or small 
boilers, but its cost is relatively high. Aluminium being lighter 

‘anda betier thermal conductor than iron is preferred for the 
‘construction of piston heads and engine cylinders. 


(vi) Davy’s safety lamp. The principle illustrated in the flame- 
and-gauze experiment (fg IV-9.4) was utilized by Sir Humphrey 
Davy for the construction of a safety lamp for coal miners. 

` It can be used in mines without a risk of 
explosion even when combustible gases are present. 
It is an oil lamp with a wire gauze B (Fig IV-9.5 ) 
arranged above the flame. The fiame itself is 
surrounded by a glass cylinder A to increase the 
illuminatisg power ofthe lamp. Air enters the 
lamp at C and burnt gases leave the lamp at D. 

In an explosive atmosphere the gases which 
penetrate to the flame are ignited and burn inside 
the gauze with a peculiar blue flickering, But the 
flame produced is unable to extend outwards 
through the gauze. The gauze conducts the heat 
away from the burnt gases so quickly that the explosive gas outside 
the lamp never becomes hot enough to explode, 


Fig IV-9.5 
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Now-a-days miners use electric lamps, But the leader carries 
a Davy lamp to detect the presence of ‘fire damp’ (an explosive 
gas ). If present in strong concentration, the gas burns wiih a blue 
flame. ` 

(ii) Asbestos, a fibrous mineral is a bad conductor and is 
non-inflammable. It is extensively used for lining the walls of 
cookers and refrigerators: Boilers and steam pipes are often 
covered with an asbestos cement (asbestos fibre and plaster ) to 
reduce leakage of heat, But it carries health hazard, ; 

(viii) Hard chalk deposits called scales are found on the inside 
of boilers and kettles in areas where hard water is used. The. 
deposit is a bad conductor. Unless it is removed from time to 
time much wastage of fuel is inevitable. 

(ix) Anice box or a refrigerator is constructed with a double 
wall, The space inside may be filled with sawdust or cork 
powder. [ce kept in sawdust or a piece of blanket melts slowly 
because of the bad conductivity of the innumerable air ‘pockets 


enclosed between particles of saw dust and blanket pones. © 


(x) Cotton-wool, asbestos-wool, cork, felt, cellular glass ‘etc. 
are some of the best non-conductnrs of heat, They owe this 


property. to the innumerable air pockets that they enclose. Their 


conductivities are a little higher than those of air. Such materials. 


used for heat insulation, are known as thermal lagging. mi 

1V:9.6 Convection. Convection is possible only in liquids 
and gases but not in solids. When a’ fluid is heated it becomes 
lighter and ascends, while its place is occupied by cooler portions 
of the fluid. The current 80 set up Within the fluid’ is ‘called 
convection current. The ascending hot current carries the heat 
along with it. This process of transfer of heat is called convection. 
It differs from conduction, since in the latter ihe medium through 


which heat flows, is not displacd. 


Simple experiments on convection. (i) Drop a tiny crystal of 
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‘potatsium permanganate into a beaker of water which is bein g 
heated by a burner from below. Coloured water will be seenito 
move from the bottom up the middle 
down the sides (fig. IV-9.6). This shows 
the water particlesthemselves carry heat 
the bottom to the top while cooler pa ick 
come down to be heated and then move 
upward again. 


(ii) When a candle 
burns strong, a convec- 
tion current developesin 
the air around the flame 
(fig. IV. 9.7.) The air in 
contact with the flame 
is heated and ascends, while the surrounding 
cold air moves up to the flame, Thus the 
flame gets a continuous supply of oxygen. 
(iif) In hurricane lamps it is alto the 
convection current that feeds the flame 
continuously with oxygen. Fig. IV-9. 8 shows 
the path of the air current .The burnt gases 
leave at the top. 

(iv) Cooling system of an automobile angine. 
The water, cooling the engine of a motor car 
iskept in circulation by convection. The 
water flows in pipes surrounding the engine 
(fig. 1V-9.9). As this water is heated by 
taking heat from the engine it rises to a tank i 
atthe front of the bonnet. Before returning to the engine i 
flows through small pipes cooled by air from a fan driven bY 
the engine. x : 

(W) When a burning candle is placed inside a chimney in & 
way that does not allow air to enter through the bottom ( fig, IV. 


Fig Iy-9. % 


Fig 1V-9.8 
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9.10) the flame soon goes out owing to lack of oxygen. Ifa T- 
shaped card-board or metal;sheet is placed as shown in the figure 


YG 2 


Mna wie 


Fig, IV-9.9 Pig IV-9,10 


tho candle continues to burn. The insertion of the sheet makes 
_ possible the flow of convection currents as shown, 

(vi) Ocean currents are convection currents due to 
unequal heating of the water masses in the oceans by heat 
from the sun, Winds are also huge convection current due 


to tbe same cause. 

(vii) Land and sea breezes, Specific heats of rocks and 
soils are smaller than that of water. So, when the sun rises 
and shines on neighbouring masses of land and sea, the land 
warms up more quickly than the sea, The air above the land 
becomes warmer than that above the sea. This warm air rises and 
makes room for the flow of cooler air from the sea, The latter 


is known 9s sea breeze. 

As the sun sets, both land and sea cool down, but the land 
cools quicker than the sea, The air above the sev becomes 
warmer than that above the land, The warm air rises and makes 
room for the flow of cooler air from the land to the sea, This is 


known as Jand-breeze. 


~ 
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Note that these breezes are due to the specific heat of water 
being greater than that of rocks and soil. 

(viii) Ventilation, Ventilation is the process by which polluted 
air is replaced by fresh air without draughts, Convection currents 
produce ventilation. The principle of ventilation is illustrated 
in fig. ‘IV-0.11. Two glass chimneys are fitted into the top of a 
wooden box provided with a glass front. In the box. just below 
one chimney, there is a lighted candle. The heat from it creates 
a conyection eurrent, To demonstrate it hold a burning cigarette 
over the top of the other chimney. The path of the smoke will 
show you the path of the convection current. 

_ Formerly, coal mines were 

l Ventilated on this principle, 
The mine had two shafts At 
the bottom of one a fire was 
lighted. This caused the air 
to rise up the shaft. Air 
travelled down the other shaft 
and through, the mine to 
maintain the updraught. 

Breathed out air is generally Fig, IV-9. 11 

warmer than the airin a living 

troom, It therefore rises and escapes through the window or the 
ventilator Windows open at the top are intended to allow the 
warm air to escape. Circulation in a room is maintained by air 
flowing in at the bottom of open doors and windows. and leaving 
at the top. 


As you learn more, you will come to understand that conduc- 
tion and radiation are the two basic modes of heat transfer. They 
obey different Jaws. Convection is a combination of conduction, 
radiation and fluid flow. 

IV-9-7. Radiation. In radiation heat passes from one body 
to another without the help of any material medium. The vast 
distanee of 93 million miles from the sun to the earth is a void. 
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{ The density of matter in this region does not exceed one or two 
molecules per cm3.) Heat cannot therefore come from the sun 
to the earth by conduction or convection. It reaches the earth 
by radiation, In reaching the earth, heat from the sun passes 
through the earth’s atmosphere , but this does not heat the air. 
Maxwell defined radiation as the transfer of heat froma hot 
body to a cooler body without appreciable heating of the inter- 
vening space. 

Experiment to show transference of heat by radiation; A 
heating coil is suspended inside a bell jar through its lid (fig IV- 
9.12). Air from inside the jar can be pumped out by an exhaust 
pump. A thermometer is placed outside 
the jar, As the pump works a vacuum is- 
created within the jar. The thermometer 
still shows a rise in temperature. _ There is 
no medium in the bell jar and as such the 
transference of heat by condnction or 
convection cannot take place, So there 
must, be a third process by which heat is 
transferred. This process is radiation. 


The form of energy when heat is 
transferred from one body to another by 
radiation is called radiant heat, heat 
radiation or thermal radiation. We now 
know that it is of the same nature as light and has all properties 
of the latter except that it does not produce the sensation of sight. 

1V-9.8. Radiant heat obeys the same laws as light. That 
radiant heat has the same nature as light will be clear from the 
similarity of their behaviour as stated below. ; 

(i) Both radiant heat and light are transmitted through vacum 
with the same speed, During a solar eclipse light and heat from 

‘the sun are cut offat the same time. When the eclipse is over 
they reappear at the same time. Clearly they move with the same 
speed across the vast void separating the earth from the sun. 


Fig IV-9,12 
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_ (ii) Radiant heat travels in strright lines as light does. When 
an opaque body ( an umbrella ) is held in the sua, it casts a 
shadow, where no heat is felt, As shadows are due to the 
rectilinear propagation of light and no heat is felt in the shadow, 
heat must have traveled in straight lines. 

(iii) The intensity of light varies inversely as the square of the 
distance. Radiant heat obeys the same law. When the distance 
between a Leslie’s cube and a thermopile is doubled the deflection 
ofthe galvanometer reduces to a quarter ofits value. ( Leslie’s 
Cube is a simple device for producing thermal radiation at about 
100°C. Athermopilc is a sensitive device for detecting thermal’ 
radiation. It works in conjunction with a galvanometer. ) 

(iv) When radiant heat is reflected froma polished metal 
surface, its angle of reflection is equal to the angle of incidence. 

(v) Heat radiation may be focussed at a point by a concave 
mirror or a lens in the same manner as light. 

IV 9.9. Absorption and emission of radiation. The amount of 
heat lost from a body by radiation depends on. 

ý (a) its temperature and that of the surroundings, being propor- 
tional to the difference when it is not large ; (b) the nature of its. 
surface ; (c) the area of the surface ; and (d) the time. 

When radiation falls on matter,a part is absorbed, a part 
reflected and a part transmitted, Ifa, rand t respectively denote: 
the fractions ofthe incident radiation absorbed, reflected and 
transmitted, we shall obviously have. 

a+r+t=1. 

It will be seen from this equation that a good absorber, such as 
lamp black (a=0.98 ) is a poor reflector, and that a good reflector, 
such asa polished metal surface, isa poor absorber. Absorbed 
tadiation raises the temperature of the absorber, 

It has been found that good absorbers of radiation are also goof 


emitters. Black is a better emitier or absorber than white, There 


is thus good reason for wearing white clothes inthe tropics; it 
absorbs little heat. A rough surface absorbs or emits radiation 


: 
| 
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more than a polished surface, Calorimeters, therefore, have 
pelished surfaces 80 that loss or gain ofheat by radiation may be. 
a minimum, 

Cloud and radiation. Water droplets in the air absorb much 
of the solar heat. Ona cloudy day in summer the temperature of 
the earth is comparatively low. On a clear day the temperature: 
rises high, Clouds have a screening effect on the earth. Presence 
of clouds at night prevents radiation loss from the earth, 


Greenhouse. Glass absorbs longer heat rays, but transmits 
shorter rays. Long heat rays radiated by plants in green houses: 
are absorbed by glass and re-radiated into the greenhouse. A 
greenhouse thus acts as @ heat trap. 

IV-9.10 Prevost’s theory of exchanges. The energy that a 
body radiates by virtue of its temperature is called temperature 
radiation or thermal radiation, [Part or whole of the energy that 
a body receives from its surroundings ( or any other object) which 
goes only to raise its temperature, but produces no other change, 
is given out by the body as thermal radiation] It will be wrong 


to assume that a body does not radiate unless it is heated. Suspend 


a slab of ice in a vacuum £0 asto reduce to a minimum the gain 
of heat by conduction and convection. It receives heat by 
radiation from the surroundings ( if àt a higher temperature tham 
that of ice) and melts, Tf dry-ice ( solid carbon di-oxide ) is 
similatly kept surrounded by ice, it evaporates. It cannot be logical 
to assume that ice radiates in the latter case, but not in the 


former, It is more reasonable to think that radiant energy is 


given out by ice in both cases, Melting takes place in the first 
case because the ice receives more heat by radiation than it gives 
out. In the second case, it gives out more heat by radiation to, 
the dry-ice than it receives from the latter. 

Prevost applied the jdea ofdynamic equilibrium to the thermal 
radiation emitted oF received by 8 body. If the body is at a 
higher temperature than its surroundings, it will radiate more 
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energy than it receives and will be cooled until temperature, 
equilibrium is established. If the body is at a lower temperature 
it will receive more energy than it radiates and will rise in 
temperature. If it receives as much energy as it radiates, there 
will be temperature equilibrium. The difference of the radiant- 
energy absorbed and the radiant energy emitted is ‘heat’. ) 
Consideration of such exchange of radiation led Prevost (1751, ; 
1839 ) to propose that. \ 
< “A body radiates heat at a rate which depends only upon its 
surface and temperature, and that it absords heat at a rate 
which depends only upon its surface and the temperature of its 
Surroundings, When the temperatures are the same the rates of 
absorption and emission will be equal.” 
‘Put in other words, Prevost’s theory states that 
"The amount of energy emitted as radiation from à body 
depends solely upon what takes place inside the" body and is not’ | 
influenced by its surronndings, ' 


Prevost’s theory proved very valuable in establishing the laws 
of thermal radiation. One of the earliest of these laws is Stefan’s. 
law. It is discussed below. i 

IV-9.11 Stefan’s iaw-of radiation. By virtue of its temperature 
every body radiates some energy in all directions in the form of 
electromagnetic waves, Such radiation is. called. ‘temperature 
radiation’ or‘thermal radiation’. The rate of radiation per second. 
per unit area depends ypon (i) the temperature and (ii) the natirre, : 
of the surface, $ Es 

Tyndall was the first to carry out- some experiments on the 
amount of energy radiated by a hot platinum wire to its surroun- 
dings kept at a fixed temperature. From these experiments Stefan 
(1879) concluded that the net energy interchange by radiation 
between a hct body at temperature T, K and a colder body at 
temperature T; K is proportional to Tj#—Ty*, This is known as 
Stefan’s law of radiation. . Ryti esi: 
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IV-9.12. Black body. Later Boltzmann (1844-1906) deduced 
Stefan’s law on theoretical grounds. To eliminate the effect of the 
nature of the surface, an ideal radiator had to the imagined. It 
is called a ‘black body’ and has the property that the thermal 
radiation it emits per unit time per unit area is greater 
than that emitted by any other body at the same temperature, 
Theoretically, it. was found that energy radiated by a black body, 
per unit area per second is given by E=oT* where 7 is the 
absolute temperature of a black body, and o is a constant of value 
5,67x 1075 erg/cm? s., K4, It is called the Stefan-Boltzmann 
constant. 

An actual body, radiates less than an ideal black body at the 
same temperature. But the radiation from a black surface or a 
nearly closed space (such as an oven or a furnace) is close to that 
from the ideal black body. This enables us to calculate the 
temperature of an incandescent body with the help of Stefan's 
law. The sun’s temperature has been so measured, The temper- 
ature of the visible surface of the sun was found with the help of 
Stefan’s law to be about 6160 K, Instrnments called ‘total radia- 
tion pyrometers’ can measure temperatures aboye 800°C. They 
work on the basis of Stefan’s law of radiation, and are used in 
industries for measuring temperatures of furnaces and other very 
hot bodies, Such temp, measurement is called Pyro-metry 
( Pyros-flre, metry—measurement ). 


Iy-10 
HEAT AND WORK 


1V-10. 1, Heat is a form of energy. To the question ‘What is 
“heat 7 we have long ago answered by saying that ‘Heat is a form 
of energy ; it is not matter’, A body weighs the same whether it 
is hot orcold. Ifheat were a form of matter, the body abc 
have weighed more when hot. ù 
It is more difficult to show that heat is a form of energy; We 
have, however been led to this conclusion -by a variety of 
phenomena. When we hammer a piece of metal or bend a wire 
back and forth, it gets hot. Pressing a piece of steel on a grinder 
produces à crop of sparks. Examples ofthis kind where heat is 
produced by motion can be multiplied without limit. Steam 
engines ( and other engines too) produce motion from heat. All 
these show that kinetic energy and heat are intimately related 
and one may be converted into the other. Heat must, therefore, 
be a form of energy. : t 
We now associate temperature with the mean kinetic energy — 
of motion of molecules, absolute temperature being proportional 
to the mean kinetic energy of molecules according to the kinetic 
theory. As the temerature rises, the kinetic energy of a molecule 
—whether in a solid, liquid or gas—also increases, Increase in 
the pressure of a gas with increase in temperature, heating of a 
gas by sudden compression and cooling by sudden expansion, 
eooling of a liquid by evaporation, etc, support this view. 
But what isthe form of heat euergy? We now define heat as 
being energy in transit due to temperature difference. The 
molecules which make up a piece of matter have both kinetic and f 
potential energies, This total energy is called the Internal energy 


ofthe body. Ifthere are two bodies whose average molecular 


Kinetic energies are different, they are at different temperatures. 
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If these bodies are put in contact, some of the kinetic energy 
from the stock of internal energy of the warmer body passes on to 
the cooler body and increases the internal energy of the latter. 
This goes on until the average molecular kinetic energies of both i 
bodies are equalized. The flow of energy then ceases. The 
energy that has been so moving, is heat. When the flow is ‘over 
the energy ceases to be heat, it becomes part of the internal 
energy of the cooler body. You may compare ‘heat? with rain 
drops falling into a lake. So long as they fall in the form of 
drops they are rain drops, As soon as they reach the lake, they 
become part of the water of the lake. 

Remember the case of kinetic energy. It is kinetic energy so 
long as the body is moving. As soon as the body stops, kinetic 
energy is transformed into some other form, and ceases to be 
kinetic energy. Similar consideration applies to heat. 

We say mechanical energy is converted into heat, as in com- 
pressing a gas. When work is done on a gas, thatis, it is com- 
pressed, its volume diminishes and pressure increases, This 
ancreases the mean kinetic energy of the gas molecules. So the 
temperature of the gas rises. When a body increases in temper- 
ature, we say heat has been added to it, the amount of heat being 
given by the relation Q=mst So, a temperature rise of tis 
equivalent to the addition of an amount of heat Q. Really 
there has been an increase of internal energy of amount Q 

1V-10-2, The mechanical equl of heat, When we rub our 
hands together, heat is produced: friction always produces heat, 
This shows that mechanical work can be converted into heat. 
The equivalence between heat and mechanical work was establish- 
-ed by Joule whose experiments show that (i) work can be fully 
converted into heat and (ii) whenever mechanical work is fully 
converted into heat, the heat gtnerated is directly proportional to the 
work done. The equivalence is independent of the Way in which © 
the work is derived or the means by which the transformation 
from work to heat is brought about. 
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If W units of mechanical work, on full conversione heat 
produce Q units of heat energy, then . 


=constant = J. Boe (ITRI) 


where the constant J is called lhe mechanical equivalent of heat or À 
Joule’s equivalent. The numerical value of J however depends on 
the units in which W and Q are expressed. ‘If W isin ergs and 
„Qis in calories. 
J = 4.2107 ergs per calorie. 
(More accurasely J = 4.1852 joules/calorie) 
This means that when 4,2x107 ergs of work are fully. 
} ‘converted into heat, the heat developed is one calorie, which cam 
; Taise the temperature of 1 g of water by 1°C. 
If W is in joules and Qin calories, we have 


) 


J = 4.2 joules per calorie. 

If W is in foot-pounds and Q in British thermal units 
J = 778 ft-lb per Btu. 

in Q is measured in 1b, °C (centigrade heat unit) 
J = 1400 ft-lb per 1b °C, 

_ Thus if 1400 ft-lb of mechanical work, derived in any way, be 
fully converted into heat, it will raise the temperature of 1 1b of 
water through LCs 

Note that using the joue as the uait of heat makes, use of ihe 
term mechanical equivalent of the heat unnecessary. In SI, units, 
„the joule is the unit of heat, heat being a form of energy, So, when 
SI units are used, J=1. 

Example IV-10. A mass of 10 g moving with a speed of 300 
m. per sec is suddenly brought to Test. If the whole of-its 
kinetic energy is converted into heat, find (i) the heat developed 
and (ii) the rise in temperature of the body, assuming that the: 
heat developed is fully retained by it. (Sp, heat=0,03), 

Solution: Speed of the body=30,000 cm/s : 
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kinetic energy =} x 10 x (30,000)? =4.5x 10° erg. 


W_ 4.5109 er; 
Q= ir SAT a ae cal 
Since heat gained = mass x sp, heat x temp. rise, 
1 107. °, 
the rise in temp. of the body= ois =357°C. 
Ex. 1V-10.2 From what height must a gramme of ice at 0°C 
fall in order to melt itself by the heat generated in the impact ? 
Solution: Inthe absence of any statement to the contrary it 
it assumed that the whole of the heat developed is retained by the 
body. 
Let h cm be the required height. The potential energy of the 
body at that height is mgh=980 h ergs, When it reaches the 
ground this energy is fully kinetic, On impact, it is converted into 
heat. The heat developed should be 80 calories, the latent heat 
of 1 gramme of ice, 
80 1280h or hm 3.43 x 10% cm ( = 343 km ). 
‘ 4.2x10 x 
Ex IV-10.3. A lead bullet moving at 400 m/s strikes a 
target. Find its rise of temperature assuming that the heat 
produced is shared equally by the target and the bullet. Sp. heat 


of lead =0.03. 
Solution s Kinetic energy =}mxX (40,000)? ergs, where m is 


the mass of the bullet in g- 
xm x (40 000) ° 
Heat developed = tAm. yal 
Since the heat is equally shared by the target and the bullet 
half of this heat is available for raising the temperature of the 
bullet. 
4 Heat ans 
Rise in temperature = eX sp, heat 


4x xmx 16% 10° _ > 
VETETT 


12 
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Ex IV-!0. 4. The Victoria Falls are 343 ft in height. Calculate 
the differnce in temperature of the waters at the foot and at the 
top, assuming a value of 778 ft. 1b per Btu for J. 

Solution: Consider a mass m lb of water The potential 
energy of this mass at the top of the falls is 343 m ft.lb. When 
converted into heat this will give (343m/779) Btu. If tis the 
temperature rise of water, then, since the sp. heat of water is 
unity, we have 

mt =343m/778 or t=343/778° F=0.44° F, 

IV-10.3. Joule’s experiment for the determination of J. The 
first exact determination of the mechanical equivalent of heat was 
made by Joule with the 
apparatus shown in fig. IV- 
10,1, C isa cylindrical copper 
vessel containing water. Four 
radial partitions or vanes ate 
fixed vertically inside the 
cylinder, A paddle can be 
rotated in the water about a 
vertical spindle S. It carries 
eight sets of vanes which pass 
through spaces cut in the radial partitions as the paddle rotates, 
In the figure the radial partitions are Teprsented by Vy and the 
movable vanes by Vg. To turn the spindle (S) it is attached by 
a pin (P) to a rod (R). Two threads wound round the rod (R) 
pass over two pulleys (P,, P,) and may be loaded at the other 
ends with known weights, 

When the weights are allowed to fall under gravity, the rod 
Totates and so does the paddle. As the water is churned its kinetic 
energy is destroyed at the radial vanes(V,) and converted into heat. 
When the weights reach the ground, the pin (P) is detached and 
the weights are wound up again by turning a handle attached to 
the rod (R). As the churning continues watnr is gradually heated. 


Fig IV 10,1 
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The elevated weights possess potential energy. When theyreach 
the ground they have some kinetiz energy.» The difference of the 
two energies gives the kinetic energy imparied to the water. This 
is converted into heat. 

Let the mass of each load attached to a string =m g, 

distance through which each weight falls =h cm, 

acceleration due to gravity =g cm/s? 
total number of times each weight is made 
to fall =n, 

speed of a weight when it reaches the ground =v cm/s, 

water-equivalent of the calorimeter with its 


contents =W g, 
initial temperature of the water =ti'C, 
=t C. 


final temperature 
Then, the potential energy of the weights =2mgh, 


their kinetic energy at the end of the fall =2x4mv°, 
the mechanical energy converted into heat 
at each fall =m(2hg—v*), 
==mn(2gh—v*), 


the total energy converted into heat in n falls 


the total heat developed 
j= mechanical work transformed _in(2gh- v2) 
NE heat generated W(t ty) 

Corrections were made for the frictional losses and the loss due 

to radiation from the calorimeter. As in all calorimetric work, 
conduction and convection were minimzed. 

In one of Joule’s experiments the weights were 30 Ib each and 

fell 20 times in all, each time through an effective height of 59 ft. 

The water equivalent of the calorimeter and its contents was 14 1b 


=W (to—t, cal. 


and the rise in temperature, 0.50°F. 
Heat generated=14 x 0°50 = 8'26 Btu. 
Work done =2%20x 30 1bx 53 ft=6400 ft-lb, 
whence J=6400 ft-lb+ 8.26 Btu. 
=775 ft-lb/Btu. 
*Duo to resistance offered by water to the motion of the paddles, they fall with 
a terminal ( constant ) velocity v. V can easily be measured during the fall, 


, 
s, 
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More accurate experiments to find the value of J were performed 
by Callendar, Rowland and others, 
Since heat is energy, it can well be measured in terms of joules, 
In that case there would be no necessity of having sny quantity 
named ‘rechanical equivalent of heat’ nor any separate heat unit 
such as the calorie. Many modern writers use ‘joule’ instead of 
‘calorie’, 1 calorie being put equal to 4.2 joules (or more 
accurately, 4.1855 joules). 


IV 1.4 First law of thermodynamics. When heat is added toa 
body, the internal energy of the body increases. The bedy can also 
do some work if conditions are appropria‘e. Take for example a 
gas contained in a cylinder and fitted with a gas-tight piston Ifa 
quantity. of heat is supplied to the gas its temperature will increase, 
The pressure will also rise. The increased pressure will push the 
piston outward against the atmospheric pressure until the gas 
Pressure equals the pressure outside. Thus, on addition of heat the 
gas increases in internal energy and also does some work. 

Let Q be the heat added 10 a body, U’ the increase of internal 
energy of the body and W the work done by thebody. The relation 
between these these three quantities is given by 

Q=U'+W (IV-10 4.1) 
The quantities must all be expressed in the same units. They may 
be either heat units or work units namely, calories or joules, 

The relation is known as the first law of thermodynamics. It 
Covers all cases of conversion of heat in o work and vice versa. 
Q is positive when heat is added, U’ is positive when the internal 
energy increases and W is positive when work is done by the body. 

Note that ia the worked examples in Sec. IV-2 or in Sec. IV-3, 
there is no heat flow, that is, flow of energy due to temperature 
difference. Still we speak of heat. This can be easily reconciled 
with Eq. 1V10-4.1. Since there is no addition of heat Q=0. Wis 
negative as work has been done on the body. Therefore u-W=0 
orW=U', This means that work done on the body increases its 
internal eneagy by U'. We have equated U’ to an amount of heat 


Q=mst The temperature rise t corresponds to an increase U’ 
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of internal energy. The same increase could have been brought 
about by adding Q= mst amount of heat, 

We can represent the transformations of energy as W=U'=Q 
( =mst). W/Q is J, the mechanical equivalent of heat if W is 
expressed in work units and Q in heat units. If Q is also expressed 
in work units, the need for J does not arise. 

(In the language of present day physics, the cases are those 
of transformation of work into internal energy. ) 

IV-10.5. Isothermal and adiabatic expansion of gases. If the 
temperature ofa gas remains constant during expansion, the 
expansion is said to be isother- 
mal, Imagine a quantity of 
gas contained in a cylider of 
uniform cross-section A ( fig. 
{V-10.2 ) fitted with a friction- Wane ob o ede ee 
less gas-tight piston. The gas 
presses on the piston with a 
rressure P and force PA, An equal pressure P is applied from 
outside on the p'sion to keep it in equilibrium. 

If pow the external pressure on the piston is decreased even 
slightly, the gas will expand. During expansion the gas does work 
as it pushes the piston outward. Let the difference of pressure on 
the two sides of the piston be infinitely small. If the piston moves 
outward by a very small distance x’, the work done by the gas 
will be PAX x'= PV’ where V'( =Ax') isthe volume swept out 
by the piston, that is, the increase in volume of the gas. 

Unless energy is supplied to the gas, the energy for doing this 
work PV’ must come form the internal energy of the gas. As a 
resul, the gas will be cooled. In order to keep the temperature 
of tke gas constant during expansion, an amount of heat Q= PV” 
must be supplied toit. (From the first law of thermodynamics 
it follows that if U’ is to be 0, we must have Q= W= PV’.) 

We therefore find that duriog an isothermal expansion of a 
gas, the gas has to be supplied with an amount of heat equivalent 
to the work it does. If W is the work done, we must supply to the 
gas an amount of heat Q equal to W/J ( J=Joule’s equivalent ). 


Fig. IY 10.2 


Conversely, ifthe external pressure on the piston is iner 
work will be done on the gis and the gas will be comp 
The work done on the gas will increase its internal energy, 
temperature of the gas will therefore rise. To keep 
temperature constant an amount of heat equivalent \o the 
done on the gas must be withdrawn from the gas. 

Adiabatic expansion. If during expansion ofa gas no heat is 
allowed to enter or leave the gas, the expansion is said to 
adiabatic, A gas does work while expanding. So, in an adiabai 
expansion a gas will be cooled ( since no heat can enter it ), 
the tame reason, a gas will be heated in an adiabatic comp oe 
The rise in temperature will correspond to a supply of 
equivalent to the work done on the gas. During expansion 
fall in temperature is similariy considered. 

Ifwe want toapply the frst law of thermodynamics to 
adiabatic expansion ( or compression), we must put Q = Oin 
1V-10.4.1. For expansion, W is positive, Hence W = — U’. 
compremion, W it negaive. Therefore W = OU, Loss of in! 
energy ( — 0") means cooling ; gala of internal energy ( +07) 


csecesteming ete, (Bot po, material is a perit 
‘ . tech a the nsion it 
cordector A ease, the expansion 
Another way into make the expansion so sudden that 
Coen sot pat time emcuyh to ester the gas, 
Foran lotbermal expansion the eylisder thould be made of 
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of the total heat sapplied toa gasa part may go to do extera I 
work and the rest raises its temperature, 

Hence if we are to define thespecificheatofl a gasthe conditioos 
under which the heating takes plage must be stated. To each 
possible mode of expansion there isa corresponding specific heat 
ofthe gas, The two specific heats of a get generally considered 
are the spectfic heat at constant volame (c+) and that at cons ant 
pressore (©, If unitmase of a gar it heated through one degree 
under the condition that its volume remains constant, the heat it 
requires, is called ita specife best ot content yoleme Pora mar 
m undergoing a change of temperature à wader thls condition ihe 
heat involved is meet. When unli mam ofa pet is Deated through 
one degree under the condition that its premure remaint content 
the beat required is called ite specife best af constet promere 

To understand the difference between these two Apenitoe heats 
consider one gram of a gas contained ia a verthes! eylinder Bited 
with a movable frictionless piston ( fig. 1V-10.9 } Weights may be 


pn m 
ruth ma 


plrced on the pisos te sher the prema on the gee Supply 
sathelent bent to raise the tomperetere of the gee by 1'C, ot the 
came time keeping the volume qoastant by inereuing the toed oo 
the pitoa (Pigs 1V-10Se aed 1:1033 ‘The quantity of ben 


while no work is dose by the gat eprint the eusernal prevene, 
as the phios dom set move New mart the operation s'resh, 
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with the same initial conditions. Supply sufficient heat tor 
the temperature of the gas by 1°C, but this time without alterin g 
the weights on the piston. The quantity of heat supplied is 
specific heat at constant pressure. 


In the second case, as the gas expands it raises the weights 
so does work ( Fig. IV-10, 3c ). Let V, and V, be the initial 
final volumes of the gas, A the area of the piston, x the distance 
through which the piston moves and P the pressure on the pisto 
The force on the piston is PA and the work done against tl 
external pressure is PAXx=P( V.—V,). The heat which 
equivalent to this work is P( V.—V,)/J. where J is tl 
mechanical equivalent of heat. Hence the specific heat at cons 
pressure 
=heat required to increase the thermal energy corresponding to @ 
rise of temperature of 1°C +heat equivalent of the work done, 
“= specific heat at constant volume-+heat equivalent of the 
done. e 

In symbols C,=Cy+P(V.-V; MJ ( 1V-10.6.1 

It follows that c, is greater than cy. In the case of solids 
liquids the difference is generally small enough to be ignored fi 
most purposes. In the case of copper, the difference is less than 3 
For solids and liquids the specific heat determined is that at 
constant pressure. 

A distinction is sometimes made in the s} mbols for the specii 

heat of 1 gram and that of | gram-molecule of a gas. The fo 
is written witha small casdone above and the latter wi 
capital C. Thus C stands for gram-molecular ( or molar ) 8p 


tites are known. Note that V3— V1= Vox; where V, is the volume 
of the gas at 0°C and «, its coefficient of volume expansion at 
contant pressure. E 
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Xx IV-10.5. Find the value of J, the mechanical equivalent 
of heat, from the following data for air : 

C, =0.2375 cal per gm per °C, Cy=0.1688 cal per gm per °C 
density of air at S.T.P. = 0.001293 gm/cm*, coefficient of 
expansion=1/273 per °C, normal atmospheric pressure=1,013 
x 108 dynes/em?. 


Solution.From Eq IV-10,6.1 we have J =bn) 


Cy — ty 


Here v,—v; isthe change in volume ofl gm of air due to 


1°C temperature, the pressure being p=1 standard atmosphere. 
The volume, of 1 gm of air at S.T.P, 


1 
= 00129 TTA = 773.4 cm*/gm, 
<. Vo—vı=its expansion due to 1°C rise=773.4x1/273.= 
2832 cm? per gm per °C. 


. J = hOl3x 108 dyne. cm~? x 2832 cm? per gm per ©, 
(0.2375—0,1688) cal per gm per * 
_ 1013 108 x 2.832 dyne, cm 
~ 00687 cal 
= 4.177 x 107 $E Em 4177 107 ergs(cal. 


Gram-molecutar specific heats. The difference between the gram- 
molecular specific heats at constant pressure and at cons'ant volume 
is equal to the gram-molecular gas constant, 

Refer to equaiion 1V-10.6.1 that ¢y—¢y=P (ve). Let us 
multiply both sides of the equation by the molecular weight M 
of the gas, The corresponding specific heats are then called the 
gram-molecular specific heats. Denote them by C, and Cy, Since 
My, and My, are the gram-molecular volumes at temperatures 
°C and (t+1)°C, we have 

pMv, =Ry(t+273) and pMy,=Ry(t-+1+273), 
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where Rn is the gram-molecular gas constant, 
Cy—Cy = Ry/ J (IV-10 

Often the subscript m is dropped and simply R wri 
instead, The meaning of R is to be understood from the coni 
It may refer to one gram or to one gram-molecule. 
Problem. Calculate the difference between the two principa 
specific heats of hydrogen and nitrogen form the following data + 


Density of mercury=13.6 gm/cc., molecular weight 
hydrogen=2, and of nitrogen=28, 1 mole of a gas atS 
occupies 22.4 litres, [Ans : 0.990 ; 0,070 

The value of J, is 8.31 x 107 ergs per kelvin per gm-molecu 
This is approximately equal to 2 calories/K/mole. i 

The ratio C,/Cy, denoted usually by the greak letter Y, is 
great importance in connection with adiabatic expansion of 
For a perfect gas, the relation between P and V for isotherm: 
expansion is PV=constant, But for an adiabatic expansion 
Telation is PY” =constgnt. (IV-10, 


1V-1. (Heat and temperature) 


[A] Essay type questions : 


1; 


10, 


Define temperature. Distinguish between heat and 
temperature, 

What are the different forms of heat, Mention some effect 
of heat, 

What is a thermometer? What physical properties are 
taken into account in the design of thermometers? Des- 
cribe a mercury-in-glass thermometer, Compare mercury 
and alcohol as thermometric liquids, 

How many thermometric scales are in use 7 Define upper 
and lower fixed points. What is meant by fundamental 
interval? Find a relation between different thermometric 
scales, 


Short answer type questions : 

Distinguish between 20°C and 20C°, 

Temperature is not determined by the amount of heat in 
a body—Explain the statement. 

Why the column of mercury first descends and then rises 
when a mercury-in-glass thermometer is put in a flame 7 
State some objections to using water-in-glass as a 
thermometer. 

How a thermometer can be made (i) quick acting 
(ii) Sensitive 7 

How can temperature of a human body be measured with 
a thermometer if the temperature of the surrounding air 
is 10°F 7 

Can a clinical thermometer be employed to find 
(i) maximum and minimum temperature of a day and 
(ii) the beiling. point of water. Give reasons for your 


answer. (JE 773), 
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14, 


21, 


22, 


. Find out the temperature when the degrees of the Fahrenheit 


How could a thermometer be used to find whether the 
atmospherie pressure was above or below the normal 
(H.S. comp, ’60). 
Two thermometers are constructed in the same way except 
that one has a spherical bulb and the other an elongated 
cylindrical bulb. Which one will respond quickly te 
changes 7 (LLT. 73) 
To take body temperature of a man with a thermometer 
2-3 minutes are necessary, But when a jerk is given afte 
taken out from the body, the mercury fall down in 
seconds—Explain, 
To measure the temperature of a humum body two 
accurate thermometers are used. One reads 35° and the 
other 95°. Why is this difference 7 
Numerical problems : 
The temperature of the surface of the sun is about 6000°C 
Express this on the Fahrenheit scale. [10832F] 
Express normal human body temperature, 98'6°F, on the 
celsius scale, [37°C] 
Express the normal boiling point of oxygen, —183°C, on 


the Fahrenheit scale. [—2974°F] 
At what temperature do the Fahrenheit and celsius scales 
give the same reading ? [—40°] 
The temperature of a body rises by 25°C, How much is 
the increase in Fahrenheit scale ? : [45°F] 


thermometer will be 5 times the corresponding degrees Ol 
the centigrade thermometer. [10°C, 50°F] 
A thermometer reads 5° in melting ice and 99° in dry 
steam at normal pressure, Find the temperature on the 
Fahrenheit scale when the thermometer reads 52% 

(LE, °68), [120°F] 
Two thermometers—one reading in celsius and the other 
in Fahrenheit, were successively dipped into two baths. 
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24, 


26, 


[A] 


In both cases, the difference in readings between the two 
thermometers was found to be 20, Ifthe baths were at 
different temperatures, find their temperatures in celsius 
scale, — [—65° and—15°} 


. The freezing point of Fahrenheit thermometer is correctly 


marked and the bore of the tube is uniform but it indi- 
cates103,5° when a standerd centigrade thermometer reads 
40°C, What is the reading of boiling point on the 
Fahrenheit thermometer 9 (Bihar) [(210°75°] 
A faulty thermometer reads—I,5°C in melting ice and 
98:5°C in dry steam at normal pressure, Find the correct 
temperature in Fahrenheit scale when this faulty thermo- 
meter reads 40°C, [1067F] 
A faulty thermometer reads—O'5°C in melting ice and 
98:5°C in dry steam at normal pressure, What correc- 
tion to be applied to get correct reading when this 
thermometer reads 49°C p (+1"] 
A faulty celsius thermometer reads 1°5°C in pure melting 
ice and 98*5°C in dry steam at a pressure of 747 mm 
of mercury. What is the correct temperature in 
Fahrenheit scale when this thermometer reads 20°C 7 


The steam point at 748 mm of mercury pressure is 99°C 
(Utkal.) [66°16°F) 


IV-2. (Calorimetry) 


Essay type questions + 

Define a caloric, In what other unit (used in mechanics) 
can heat be expressed 7 Express the calorie in this unit. 
Why is it necessary to mention the temperature in the 
definition of calorie 7 

Define specific heat and show that the heat lost or gained 
by a substance is equal to the product of its mass, specific 


1 heat and change in temperature. 
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10, 


13, 


What is the fundamental principle of calorimetry 7 W 
precautions are necessary in a calorimetric experiment 
the method of mixture ? 

Define thermal capacity and water equivalent, What ar 
the units in which they are expressed p 

Explain what is meant by the ‘specific heat’ of a material, — 
How would you proceed to determine the specific heat 
of a metal Point out sources of error and mention 
the precautions necessary to avoid them, 


Short answer type questions : 


Will the temperature be different if equal quantities of 
heat are supplied to different substances of equal mass? 
Two exactly similar vessels—one containin g water and the 
other containing an equal mass of milk are placed side by 
side on oven, The rise of temperature of milk is found 
to take place at a quicker rate than that of water. Explain, 

Why water is used in hot water bags ? 

The specific heat of a substance can be defined as thermal 
capacity per unit mass—Explain the statement, 

The principle of calorimetry is—‘heat lost by warmer 
body=heat gained by cooler body” Will then the 
relation hold if (i) the calorimeter contains water and 
Solid is sugar? (ii) The solid and the liquid in the 
calorimeter react chemically ? (iii) The calorimeter is- 
kept on the table and is exposed to the air ọ 
Why are calorimeters made of copper 7 
Suppose you are given a thermometer reading only from 
50°C to 100°C and some water of which the temperature 
is below 20°C. Describe an experiment to determine 
roughly the temperature of the water, without using any’ 
other thermometer, 

How would you find the temperature ofa red-hot iron 
ball if only mercury thermometers were available 2 
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What is meant by the statement —“‘specific heat of copper 
is 0:089”. 

Why water is not suitable as a calorimetric liquid ? 

What physical properties are taken into account in 
choosing calorimetric liquid 7 ; 

What is the difference between specific heat and specific 
gravity 7 


, Explain the fact that the presence of a large body of water 


nearby, such as a sea or ocean, tends to moderate the 
temperature extremes of the climate on adjacent land, 
A sphere, a cubs, a thin circular plate, all made of the 
same material and having the same mass are initially 
heated to temperature of 200°C, Which of them cools 
faster and which slowest ? 
Two friends ordered tea in a restaurant and waited for 
another friend to arrive, One of them poured tea in his 
cup and mixed cold milk with it and the other poured his 
tea and mixed the milk after the friend arrived, Whose 
cup of tea will be hotter 7 
Two liquids taken in identical vessels are allowed to cool 
through the same temperature range. If the masses are 
same, which of them cools faster 7 
What is meant by calorific value of fuels 7 


Numerical problems : 
Which of the two following cases requires the greater 
quantity of heat (i) 500g of water heated from 35°C to 
95°C or (ii) 4 Ibs of water heated from 100°F to 212°F, 
[The 2nd case. | 

What volumes of iron, Jead and aluminium have the same 
beat capacity as a litre of water 7 The specific heat of 
iron, lead, aluminium and water are respectively 500, 
130, 920 and 4200 J/kg°C and their densities are respec- 
tively 7500, 11400, 2700 and 1000 kg m=*, 

[112x 10-8, 283x 10-3, 169% 107? m?.] 
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How much heat is required to raise the temperature. of a 
copper ball, weighing 180 g. from 25°C to 95°C? Sp. 
heat of copper=0.09. Find also the: thermal capacity 
and water equivalent of the ball, 4 
[1134 cal, 16-2 cal/°C 16-2 g.) 


Compare the thermal capacities of equal volumes of water 
and mercury, (Sp, heat and Sp. gr. of mercury are 
respectively 1/30 and 13-6 gcm-5.) [L s 0453] 
Än iron ball weighing 50 g was placed ina furnace for 
some time and then quickly transferred to a calorimeter 
containing 1 kg of water at 35°C, It raised the tempera- $ 
ture of the calorimeter and its contents to 40°C, The 
water equivalent of the calorimeter is 125 g and the Sp. 
heat of iron 0:12, calculate the temperatuie of the 
furnace, [977-5°C] 


A metal ball at 130°C and weighing 20 g is dropped into 
a calorimeter of water equivalent 10 g, containing 50g of 5 
a liquid of Sp. heat 0'5, at a temperature of 40°C, The ii 
final temperature is 50°C, Calculate the Sp, heat of the — 
metal, [0.22] — 
A calorimeter of water equivalent 25g contains 100g of an — 
oil at 40°C. A solid of Sp. heat 0:1, weighing 50g is 
heated to 120°C and quickly dropped into the calorimeter. 
The resulting temperature is 45°C, Calculate the Sp. heat 
of the oil. [0:5] 


A calorimeter contains 500g of water at 30°C, 200g of 
water at 90°C are poured into it. If the water equivalent 
of the calorimeter be 10g what is the resulting 
temperature ? [46:9°C] 


Pped ata tempera- 


containing 36g of water 
at 23°C, The resulting common temperature is 30°C. 
What is the water equivalent of the calorimeter ? If the 


yon 


200g of an oil of Sp. heat 0-42 are dro; 
ture of 60°C into a calorimetey 
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mass of the calorimeter be 100g what is the specific heat 
of the material 7 (10g, 0-1] 
A vessel contains 60 litre of air (Sp, heat 0'24) at 30°C 
weighing 1'3 gl-+, How much heat is required to raise 
temperature of the air to 40°C, [187'2 cal] 
On pouring 1 kg of water at 90°C into a hot water bottle 
at 35°C, the temperature of the water fails to 85°C, 
Calculate the weight of the bottle, The Sp, heat of the 
material of the bottle is 0-2, [500g.] 
A vessel placed on a flame asorbs heat at the rate of 200 
calories per second, How long will it take to raise the 
the temperature of 3 kg of water from 30°C to the boiling 
point assuming that the vessel alone absorbs 3000 calories 
of heat, [17 min, 45s.] 
A cylinder of metal weighing 450 g at 150°C is dropped 
into 200 g of water at 15°C contained in a brass calorimter 
weighing 200 g and the temperature rises to 38°C, What 
is the thermal capacity of the metal, (Sp, heat of 
brass==0'092) [44:85 cal/’C] 
A calorimeter of water equivaient 15 g contains 60 g of 
water at 40°C. Due to the loss of heat by radiations, its 
temperature falls to 30°C in 5 minutes, If the same 
calorimeter is filled with 50 g of another liquid, the time 
in which the same drop of temperature takes place is 
found to be 2 minutes, Calculate the Sp, heat of the 
liquid assuming that the rate of loss of heat due to 
radiation is same in both cases. [0°3] 
A celsius thermometer (water equivalent 10g) when 
immersed in 10g of water rises by 15°C and show a tem- 
perature of 35°C, What is the temperature of water 
before insertion of thermometer ? [50°C] 
A thermometer of mass 55 g and Sp, heat 0:2 gives 15°C 
as the room temperture. When dipped in some water, 
kept in a calorimeter, it reads 444°C. If the water 
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equivalent of the calorimeter be 50 g and mass of water À 
taken be 250 g, find the temperature of water before the 


insertion of the thermometer. (J E, ’74) [455°C]; 
A piece of iron and piece of copper, each of mass 100 g 
are joined together. The combined massis heated to 
100°C, Itis then dropped into water in a calorimeter of 
mass 100 g containing 132-4 g of water at 20°C. The 


resulting temperature is 30°C, The experiment repeated 


with a mass of water 294 g taken in the calorimeter 
results in a temperature of 25°C. Calculate the Sp, heats 
of iron and copper. [0"112, 0:09 ] 
A body initially at 80°C cools to 64°C in 5 minutes and to 
52°C in 10 minutes. What will be its temperature after 15 
minutes and what is the surrounding temperature ? 


[43°C, 16°C}, ~ 
200 g of water and equal volume of another liquid of — 


mass 250 g are placed in turn in the same calorimeter of 
mass 100 g and Sp, heat Ol, The water and the liquid, 
which are constantly stirred are found to cool from 60°C 
to 40°C in 180s and 140s respectively, Find the Sp. 
heat of the liquid, [0613]. 


IV-3. (Expansion of solids) 


Essay type questions : 
‘Define coefficient of linear expansion, What is the unit 
in which it has to be expressed? How does its value 


change if the temperature scales is changed from celsius — 


to fabrenheit ? 

“Different materials expand differently’—describe a suitable 
experiment in support of this statement, 

Give three examples where expansion on heating is made 
to serve a useful purpose, 


Give three examples where expansion on heating causes 


inconvenience, and say how it is remedied, 
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Prove that volume coefficient of a solid is three times and 
the coefficient of surface expansion twice than the coeffi- 
cient of its linear expansion. 

Describe a laboratory method for determining the coeffi- 
cient of linear expansion of a solid, In this method which 
quantity should be measured most accurately to get correct 
result and why ? 

Describe an experiment to show the existance of force that 
brought into play by expansion or contraction of solids, 
Calculate its magnitude for a bar in terms of its cross- 
section A and Young’s modulus Wa 

How can pendulum be constructed to have an invariable 
length ? 

Short answer type questions + 

A metal ball can pass through a metal ring. When the ball 
is heated, however, it gets stuck in the ring, What would 
happen if the ring, rather than the ball, were heated ? 
Does coefficient of linear expansion depend on the (i) unit 
of Jength, (ii) unit of temperature 7 

Explain what is meant by ‘coefficient of linear expansion of 
iron is *000012 per degree celsius’ ? 

Why does the glass stopper of a boitle become loose when 
heated ? 

Why in railway lines small gaps are left in between two 
successive rails ? 

Why the holes of fish-plate are oval-shaped 7 

Thick glass vessels crack move often than a thin glass 
vessels—why ? 

A platinum wire can easily be fused in a glass rod but an 
iron wire can not be—why ? 

Does the change in volume of a body, when its tempera- 
ture is raised, depend on whether the body has cavities. 


inside ? 
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A bimetallic strip is made of copper and steel, What 
happen when its (i) temperature is raised, (ii) cooled 9 
« for copper and steel are respectively 1.7x10-* a 
1.1.x 10-5/°C, 
Can a scale made of metal measure lengths accurately 
all temperatures 7 

An isosceles triangle is formed with three zine rods, 


heated > 
Explain why a clock goes fast in winter and slow in 
summer, 

Is there be any change in (i) internal diameter, (ii) m 
(iii) volume, (iv) density of a metal ring when heated ? 
Two rods of different materials differ by constant lengt 
at all temperature, Show that the length of the rods í t s 
initial temperature are inversely proportional to their 
respective coefficients of expansion. A 
For reinforcement of concrete structure iron or steel rods 
are used, Why other metals are not used ? 

A copper dise fits tightly in a hole in a steel plate, Should 
you heat or cool the system to loosen the disc from the 
hole? «for copper and steel are as given in Ex. 17, 
4 for steel is 12x 10-6 per °C, What is its value in °F. 
Numerical problems : 


There is a gap of 0'5 inch between each two rail-lines 
of 66 ft long at 10°C, At what temperature will the gap: 
be filled up 2 (x=12x 10-2/°C) (H.S, 79) [66.5°C] 
An aluminium rod is 240 cm long at 35°C, To what 
temperature must it be heated to expand 0'1 cmp «4 for 
aluminium=26 x 10-6 per °C, [51°C] 
Find the temperature to which a Zinc rod 50 cm long at 
15°C must be heated in order that its length may be 50-05. 
cm. x for Zinc=25 x 10-6 per °C, [55°C] 


s 
y 
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a for steel is 12x107 per°C It the length of a stech 
rail at 20°C is 5 m, what interval must be left between the 
rails to allow for a rise in temperature to 45°C p [0:27 cm) 
The old Howrah bridge was 656 m long. Between a winter 
night and a summer noon the temperature changes from 
8°C to 50°C, Find how much it expanded it «=12x 10-® 
per °C, [33 cm} 
A 5 m long girder increases by 0°15 cm when temperature 
changes from 40°C to 55°C, Find the coefficient of linear 
expansion’of the material of the girder, (20x 10-87C), 
The diameter of a sphere at 35°C is 2'5 cm, Find the 
temperature to which it should be raised so that it will 
just fill fo pass through a circular hole of diameter 2'501 
cm, 7=75x 1074 per °C. A (51°C) 
A brass scale is correct at 30°C, A length measured by 
it at 55°C is 40cm, Whatis the true lengthy « fcr 
brass=20x 107° per °C. (40°02 cm) 
A wheel has a diameter of 75 cm, A steel tyre of inner 
diameter 74°8 cm is to be fitted on it, Calculate the range 
of temperature in degrees celsius through which the tyre 
must be heated so that it may be mounted on the wheel, 
a for steele 12x 1078 per °C, [222'8°C} 
Two bars of brass and steel, standing side by side, have 
one end of cach rigidly attached to the other, The other 
ends are free to expand, The stee! bar is 1 m long. What 
should be length of the brass bar so that the distance 
between the free ends of the bars remains the same at all 
temperatures? «< for brasse20 x 10-* per "Cand « for 
steele 12x 107% per °C, (60 cm.) 
A pyrex flask has a capacity of 1 litre at 15°C, Find its 
capacity at 35°C, «=4x 10-8 per °C, £1-00018 litre} 
A ‘steel sphere has to be passed through a brass ring. At 
20°C, the diameter of the sphere is 25°0 cm and the internal 
diameter of the ring is 24.9 cm, If the sphere and the 
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ring are heated togather what is the temperature 
necessary} for steel=12x 1076 per °C and « for brass 
=20 x 10-8 per °C. [About 500°C] 
The density of alluminium at 26°C is 2.55 g cm- 
Compare its densities at 0°C, and 100°C, given « for 
aluminium=25 x 10-76 per °C, [1-005 : 0-994] 
The time period of a simple pendulum is 2s, It is made 
of iron, For a change of 25°C, what will be the change in 
the length of the pendulum, « for iron=12x 10-6 per 
0°C, [0.0296 cm,] 
A brass scale correct at 0°C measures a Zinc rod at 10 C 
and the length is found to be 1.0001 m, Find the correct 
length at 0°C and 10°C, « for brass=19 x 1076 per rol 
and that for Zinc==29 x 10-¢ per °C, [1m, 1.00029 m,] 
An iron pendulum makes 86405 oscillations ina day ; t 
the end of the next day the clock has lost 10 s, Find the 
change in temperature, «for steele 12x 10-6 per °C, 
[19.6°C,} 
The ends of steel rod exactly 1'5 cm? in cross-Sectional 
area are held rigidly between two fixed points at a tem- 
perature of 33°C: Determine the pull in the rod when the 
temperature drops to 23°C, y for steel=2x 1013 dy 
em=* and «=11% 10-° per °C, [3.3 x 108dy.] 
The base BC of an equilateral triangle is made ofan alumi- 
nium wire and the other two sides AB and BC are made 

of copper, A wire of iron connects the vertex A to 
mid-point of the base BC, If for a small rise of tempe 
ture, the arms of the triangle do not buckle, find the co- 
efficient of linear expansion of iron, « for copper=16X 
10-¢ and that for aluminium=26 x 10-6 per °C, 
(12,7 x 10-6 per °C] 
Three rods form an equilateral triangle at u°C, Two of 
the rods are of same material and the third is of inve 
(whose themal expansion may be neglected), If after heat- 
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ing to the steam point, the angle between the identical rods 
be( = = o), prove that the coefficient of linear expansion 


of the material of the rod is V28 per °C (LE, 176) 


A ‘thermal tap’ used in certain apparatus consists of a 
silica rod which fits tightly inside an aluminium tube whose 
internal diameter is 8 mm at 0°C, When the temperature 
is raised, the fit is no longer exact, Calculate what 
change in temperature is necessary to produce channel 
whose cross-section is equal to that of a tube of 
1 mm internal diameter, < for silica 8x10-° per 
°C and that for aluminiumes26x 10" per °C, 
(oxf & camb.) [161°C] 
A steel cylinder has an aluminium alloy piston and, at a 
temperature of 20°C when the internal diameter of the 
cylinder is exactly 10.cm, there is an all-round clearance 
of 0,05 mm between the piston and the cylinder wall, At 
what temperature will the fit be perfect} « for siecle 
12x 10-6 and that for aluminium alloyee16x 1070 per °C 
(oxf & camb.) [270°C] 
The area A of a rectangular plate is ab. It's coefficient of 
linear expansion is 4, After a temperature rise AT, side 
a is longer by Aa and side b is longer by à b. Show that 
it we neglect the small area aa. ab, then 4 Aw2«A aT, 
Prove that, if we neglect extremely small quantities, the 
change in volume of a solid on expansion through a tem- 
perature rise AT is given by AV=3 «< VaT where « is 
the coefficient of linear expansion, 

Two rods of length |, and coefficient of linear expansion 
«x are connected to a third rod 1, of coefficient of lincar 
expansion «, to form an isosecles triangle, The arrange- 
ment is supported an a knife-edge at the mid point of 1, 
which is horizontal, Find the relation between 17 and 


ši, 


53, 


mr 


1, so that apex of the triangle is to remain at a constant 
distance from the knife-cdge as the temperature changes, 
(4, <,—1? 4) 
A bimetallic strip consists of two tapes 0S x 10-* m thick, 
one of steel whose coefficient of linear expansion is 10% 
10°*7K and the other of german silver of exapansion 
coefficient 18x 10°*/'K, The plates are welded togather 
face to face, A 010m length of the strip is firmly fixed at 
one end to a support, How much does the other end 
move when the temperature is changed by 100°K 7 
[799 x 10°* m) 
Two equal bars, 50cm long, one of brass, the other of 
iron, are joined togather at one end and a needle of 
imm in diameter and carrying a pointer is clipped 
between their face ends, When the bars are heated, the 
needle rotates through 10°, What is the temperature 
interval through which they were heated p (27,1"°C} 
A waiform premure P is exerted on all sides of a solid 
cube af temperature IC, By whatamount should the 
temperatere of the cube be mised in order to bring its 
volume back to the volume it had before the prersure was 
applied» The coefficient of volume expansion of the 


_ gabe it) and the bulk modulus of elasticity is K (1.1,7,'78) 


P 

i li] 
A seiform solid brass cylinder of mass 500 g and radius 
J em is placed on frictiontews besrings are rotated with 
an sogulat velocity 60 rad &* about the cylinder axis at 
AC Mf sow the temperature of the cylinder is increased 
to 100°C without mechanical contact, will there by any 
change in iis angolar velocity, engolar momentum and 
kisetic energy of rotations? Explasin your answer. 
Calculate the percentages of the above quantities, if any, 


$$ 


1s) 


assuming the mean coefficient of linear capension of brass 
to be 2x 10"* per "C, (8) 
[¥es, no, yes; 0,32,0,0 32) 


, A piece of metal weighs 46 g it air, When it is immersed 


in liquid of sp, gravity 1°24 at 27°C, it weighs 30g. When 
the temperature is raised to 41°C, the metal piece weighs 
30-5 g sp. gravity of liquid at 42°C is 1.20. Caloulate the 
coctiicient of sear expansion of the metal (ILT, “74) 
m a (231 x10-*7C) 
A composite rod pose Eanes) er rod, ead to 
end, with a second rod of i erish bwt of the 
same croseecctions, Al 25°C Uht compile fod ie tm 
in length, of which the Keath of the copper tod is 30 em. 
At 125°C the engib of ibe composita tab isenimi by 
191 mom, r nna | 
When the composite rod ie not sownd to capamd by haid- 
ing it between two rigid wajh, i is (owns that the bogs 
of the two constituents do peLohaage nih ihe ris of tm 
perature, Pind the Yousgs modules and coeticieet of 
linear expansion of ihaseccadiod. Given or 


+ = 1 Net, on™ 
10 PO Yar soe wae are 
Kasay type questions} - 

Distinguish between absetete And appareet expuasions of 
a liquid, and find the relaties Between the corresponding 
K ~: wed 


How doss the dessiy afs gaid change WHS teper 
terep What is the peculiarity te the behavior of water 


. 
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“Which coefficient of expansion of a liquid is determin 


_ A block of ice floats in a beaker filled with water to t 


What is the consequence of this anomolus behaviour o 
water on marine life 7 


by a weight thermometer ọ Describe the method | 
detail. ‘ 
Describe Dulong and Pelit’s method of determining tl 
coefficient of real expansion of a liquid. 
(a) Find the relation between the densities of a liquid al 
different temperatures, 
(b) Show how the apparent weight of a solid inner in 
a liquid changes with rise in temperature. { 


Short answer type questions : 


A long cylindrical vessel having a linear coefficient ¢ 
expansion « is filled with a liquid up to a certain levi 
On heating, it is found that the level of the liquid in 
cylinder remains the same. What is the volume coefficien 
of expansion of the liquid 7 

What is the difference between a weight. thermometer 
Dulong and Pelit’s method, (LE. 


brim, When ice melts completely, what happens to tl r 
level of water if the temperature of water is (i) at 4 
Gi) at OC, (iii) “at higher temperature. 
Explain why lakes freeze first at the surface, 
What difficulties would arise if you define temperature 1n 
terms of the density of water 7 i 
A sp. gravity bottle is marked 50 C.C., 20°C’—say what i 
means. How can you test its accuracy ? 

A block of wood is floating on water at 0°C with c 
volume V above water-level, The temperature of 
water is slowly raised from 0°C to 20°C, How does 
volume V change with the rise of temperature p (LIT. °74) 
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The top of a lake is frozen, Air in contact is at— 15°C, 
What do you expect to be the maximum temperature of 
water—(i) in contact with lower surface of ice, (ii) at the 


bottom of the lake 7 i (LLT. ’73) 
A beaker filled with water at 4°C overflows if temperature 
is increased or decreased explain, (1,7, '69) 


A piece of ice is floating in a beaker completely filled with 
a liquid of density 1.5 g cm~°. Will there be any over- 
flow of liquid when the ice melts Explain, (I LT. '83) 
Which coefficient of expansion is determined by a weight 
thermometer 7 Why is the instrument so named 7 

A big lump of ice with a piece of lead forzen into it floats 
in water, What will be the change of level of water when 
ice melts completely p What will happen if the lead is 
replaced by equal volume of cork 7 

How will the level of mercury in a thermometer change 
when the bulb heat (i) quickly (ii) suddenly 7 

‘A barometer reading needs correction’ —Explain, 


Numerical problems £ 

A mercury-in-glass thermometer hasa bulb 1 cm” in 

capacity, Itis desired to make cach celsius degree on the 

scale 5 mm-long. Calculate the cross-sectional area of 
the capillary tube, The coefficient of apparent expansion 
of mercury in glass is 16x 107* per °C. [00032 cm?) 
What should be the volume of mercury to be put in a glass 
flask of capacity 720 cm” so that the volume above the 
mercury remains the same at all temperatures? The 
coefficient of real expansion of mercury is 18x 10-*/°C 
and the coefficient of cubical expansion of glass is 25x 

10-6 /C, [100 cm*] 
The coefficient of expansion of water between 4°C and 
20°C is 0,00015. Calculate the weight of 1 litre of water 
at 20°C, j [997.6g) 
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A thin copper sphere of diameter 10 cm has a uniform tube 
of diameter 0,5 cm attached to it, Water fills the sphere 
and stands at a height of 10 cm in the tube, What will be 
the change in the level of water in tube if the sphere is 
(i) suddenly, (ii) slowly heated from 30°C to 60°C? « for 
cus=16,7 x 10-6/°C, coeff. of absolute expansion of water 
=45 x 10-6/°C, è will drop 4 s 
will rise 32 cm. 

A column of mercury at 100°C is balanced by a column at 
0°C, Their heights are 50:90 cm and 50-00 cm respec- 
tively, Calculate the coefficient of real expansion of 
mercury, , [18 x 10-5/°C,] 


How much mercury must be placed inside a glass flask; 
having an internal volume of 300 cm, so that the volume 
of the remaining space inside the flask may be constant at 
all temperatures? coefficient of cubical expansion of 
mercury=18 x 10-8/°C and coefficient. of linear expansion 
of glass=9 x 10-6/°C. [45 cm] 


A mercury barometer has a brass scale which is correct at 
0°C. The barometer reads 750mm at 20°C, Calculate the 
correct barometric height. Given « for brass=18 x 107°] 
°C and y for mercury=18 x 10-5/°C, 

[747,57 mm of Hg. 


The volume of the bulb of a mercury thermometer at 0°C 
is V, cm and the cross-section of the capillary is A, cm*. 
The coefficient of linear expansion of glass is 4, per°C and. 
the coefficient of cubical expansion of mercury is 7,, P& 
0°C. if the mercury fills the buib at 0°C, what is the 
length of mercury column in the capillary at vC? 
(AM.1.E.) [V.t (v7, —34,)/A.+24,f).] 


A glass bottle full of mercury at 12°C contains 506.7328 
of Hg, When heated to 100°C, the bottle contains 500.00g 
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of Hg. Find the coefficient of real expansion of Hg if the 
coefficient of linear expansion of glass is 9x 10-5 °C-1] 
[0:00018°C-2] 
A vertical glass tube, closed at the bottom, contains Hg to 
a height of 0.5 matatemperature of 10°C. Find the 
height of mercury column at 30°C, y for Hg=18 x 10-5/ 
°C and « for glass=8 x 10-¢/C, [0:5016m] 
If the density of mercury at 0°C is 13596 kgm~*, what is 
its value at 60°C if the coeff. of cubical expansion of Hg is 
0.000182 degC-*. [13447 kg m-®] 
It is desired to use glass in the construction of a celsius 
mercuty thermometer reading from—10°C to 100°C in 
which degree divisions shall be 0,002m apart, What 
must be the capacity of the bulb? The coefficient of 
cubical expansion of mercury and glass are 0000182 and 
0'000025 degC-* respectively. [3.99 x 10-7m.] 
The mass of Hg overflowed from a weight-thermomeier 
is 5.4 g when heated from ice to steam-point, The thermo- 
meter is placed in an oil bath at 20°C, On heating the 
bath, 8,64 g of mercury flows out, Determine the tempera- 
ture of the bath, [180°C.] 
Aniline is a liquid which does not mix with water, and 
when a small quantity of it is poured into a beaker of 
water at 20°C if sinks to the bottom. The densities of the 
two liquids at 20°C being 1021 and 998 kg m~? respec- 
tively, To what temperatures must the beaker and its 
contents be uniformly heated so that the aniline will form 
a globule which just floats in the water 7 The coefficient 
of absolute expansion of aniline and water are 0°00085 
and 0°00045 K-* respectively. (London) [79°C] 
Using the following data, determine the temperature at 
which wood will just sink in benzene, Density of benzene 
and wood at 0°C are 9x 102kg m-® and 8,8 10? kg m-? 
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40. A Sinker of weigh W, has an apparent weigh W, When 


respectively ; Coefficient of cubical expansion of bengen 
and wood are 1,.2x10-®K-+ and 1.5x 10-4 K-t 
tively. (London) [21° 


A glass tube nearly filled with mercury is attached to 
bottom of an iron pendulum rod 100 cm long. How 
must the mercury be in the glass tube so that the cen 
of mass of this pendulum will not rise or fall with chi 
of temperatures? « for iron=11x 10-9/°C and / fi 
Hg=18x 10-5/°C, (46°4 cm) 


In a mercury-in-glass thermometer if the V, is the volume 
of mercury that just-fills the bulb at 0°C and the cross- 
section of the capillary is A,, show that the length of the 
mercury column in the capillary at a temperature t°C is 
V, (y—3«) t/A, where y is the volume coefficient O 
mercury and « is the linear coefficient of expansion 
of glass, Assume that the cross-section of the capillary 

constant, 


A sphere of diameter 7 cm and weighing 266,5 g isfloatin| 
in a liquid... When the temperature of the liquid is raise 
it is found that the sphere just immersed at 35°C, If the 
density of the liquid at 0°C be 1,527 g cm-°, calculate the 
coefficient of volume expansion of the liquid. Neglect 
the expansion of the sphere, (LIT, 62) [8 x 10-4/°C] 
Two thermometers A and B are made of same kind of 
glass and contain the same liquied, The bulbs of both 
the thermometer are spherical, The internal diameter of 
the bulb in A is 7.5 mm and the radius of cross-section 
of the tube is 1.25 mm, the corresponding figures in B 
being 6.2 mm and 0.9 mm, Compare approximately the 
length of a degree in A with that in B. (I.E. 70) 

[0-8 approx.) 


weighed in a liquid at temperature t? and W3 when 
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[A] 


[B] 


weighed in the same liquid at temperature t,, The coeffi- 

cient of cubical expansion of the matrial of the sinker is 

B. What is the coefficient of volume expansion of the 
w,-W 


liquid? (1. I. T, m8) [gy AEGA +] 
° 1 1 2 


IV-5, (Expansion of Gases) 


Essay type questions ¢ 

Describe a experiment to show that gases expand when 
heated, How does expansion of a gas differ from that of 
a solid and liquid 7 

State Boyle’s law and charles’ law. How would you verify 
the laws experimentally 7 i 

State the two fundamental laws of change of ` pressure, 
volume and temperature of gases and show that they may 
be expressed in the form of a single equation, 

State charles’ law and show how it gives rise to the idea 
of an absolute zero of temperature, What is an absolute 
scale of temperature 7 

Define volume and pressure coefficient for a gas, Why is 
it necessary to define two coefficients for a gas? Show 
that for a perfect gas, the volume coefficient of expansion 
is equal to the pressure coefficient. 

Describe Regnault’s constant pressure air thermometer, 
How can you determine the volume coefficient of a gas 7 
Short answer type 2 

The expansion of a gas due to application of heat depends 
upon its condition—Explain. 

Explain what you mean by a perfect gas. 

Calculate the value of absolute zero in both celsius and 
Fehrenheit scales. 

Why the absolute zero is treated as more fundamental and 


more universal than the celsius zero 7? 
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16; 


How is the celsius scale rélated to absolute scale | 

temperature 7 
What do you mean by ‘universal gas constant’ ? Why ii 
it so celled 2 
A liquid has an apparent coefficient of expansion but ga 
have none—why 7 
Why do we always take the initial volume and pressuri 
at 0°C which in defining coefficient of expansion of a g 
in contrast to the cases of solid and liquid ? 
Given samples of 1 cm? of hydrogen and 1 cm® of oxygen 
both at N.T.P. Which sample hasa larger number of 
molecule ọ 


Numerical problems : 


A certain, mass of a gas is at 40°C. Calculate the tempe 

ture at which the volume will be doubled, pressu 

remaining the same, If the volume.is kept constant, what 

wili be the temperature if the pressure increases to three 

times its initial value 7 [353°C, 666°C] 

A gas occupies 50 cm? at 67°C.and pressure 70 cm o d 

‘mercury, If the volume becomes 40 cm? at 17°C, what is 
the new pressure ? [74:6 cm of Hg, 

A gas occupies 125 cm? at 60°C and 75 cm of mercury. 

If the pressure be increased to 80 cm at temperature 30°C 

what is the new volume p [106:5 cm*,] 

A thin glass bulb is sealed at 27°C, the inside pressure 
being 1 atmosphere, The maximum internal pressure the 
bulb can withstand is 95 cm of mercury, At what 
temperature will the bulb burst p [102°C] 
Abicycle tyre contains air at a Pressure of 2 atmosphere at — 
30°C. If the temperature rises 40°C, what should be the 
pressure of air in the tyre, the volume remaining constant. 
[2:07 atmos,] 
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At constant pressure 1 litre of a certain gas expands by 
128 cm* when heated from 0°C to 35°C, Calculate from 


these data the value of the absolute zero. [-—273°C] 
Compare the density of air at 10°C and 750 mm pressure 
with that at 15°C and 760 mm pressure. [1 : 1:004] 


A litre of gas weighs 1.562 g at 0°C under a pressure of 
76 cm of mercury. The temperature rises to 250°C, and 
the pressure to 78 cm of mercury, What isthe weight of 
one litre of gas under the new conditions 7 [1'47 gl-*] 
A 10 litre vessel containing air at one atmosphere is heated 
from 0°C to 100°C, What will the pressure be if the 
vessel was aclosed one? What fraction of the mass of 
air will escape if the vessel was open to the atmosphere 7 
[1°37 atmos, 100/373) 
A glass globe of capacity 1 litre is heated at sea-level 
from 0°C to 100°C with its month open, Find the mass 
of air expelled thereby, Density of air at N, T, Pm 
0.001293 g cm-*. [0:3466 g.) 
At constant pressure the volume of a certain gas increases 
in the ratio 13 1°035 between 15°C and 25°C, Calculate 
from these data the value of the absolute zero, [-270°C} 
A glass vessel contains air at 60°C, To what temperature 
must it be heated to expel one-third of the air, the pressure 
remaining constant ? [226:5°C} 
The density of oxygen at N. T. P, is 1°429 gl-1, A certain 
mass of the gas is enclosed in a cylinder, whose volume is 
2X5 litre, under a pressure of 780 mm at a temperature 
27°C, What is the mass of the gas in the cylinder 7 
[3336 g) 
A gas at 13°C has its temperature raised at constant 
pressure so that its volume is doubled, What is the final 
temperature 7 [299C] 
The volume of an air-bubble increases five-fold in raising 


` from the bottom of a lake to the surface. If the barometric 
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height be 30 inches, find the depth of the lake, Density of 
mercury==13'6 gem-3. ; [136 ft.) 
A vertical cylinder of total length 100 cm is closed at the 
lower end and is fitted witha movable frictionless gas- 
tight disc at the other end. An ideal gas is trapped under 
the disc, Initially the height of the gas column is 90 cm, 
When the disc is in equilibrium between the gas and the 
atmosphere, Mercury is then slowly poured on top of 
the disc and it just starts overflowing when the disc has 
descended through 32 cm, Find the atmosphric pressure, 
Assume the temperature of the gas to remain constant and 
neglect the thickness and weight of the disc, 
[761 cm of Hg] — 
Two equal bulbs are joined by a very narrow tube and the 
whole is initially filled with a gas at N, T., P, and sealed, — 
What will be the pressure of the gas when one of the 
bulbs is immersed in boiling water and the other in ice f 
(Bihar Univ.) [87°76 cm of Hg] 


1 litre of hydrogen at N, T, P, weighs 0°0896 g. Find 
the value of R considering one gramme—molecule of the 
gas, [8'28 x 107 erg/*C] 
A barometer reads 760 mm when the temperature is 27°C, 
One milligram of water is then let into the Torricellian — 
vacuum and the whole of water evaporates, The barometer — 
reading now is 730 mm, Calculate the volume occupied — 
by the water vapour, ` Gas constant R=8'3 x 107 erg per 
g-mol per °C, [346 cm*] 
A gas is collected over water in a 100 cm tube and — 
measures 72°8 cm®, the temperature and pressure of the 
atmosphere at the time are 25°C and 74:39 cm of Hg 
respectively, Calculate the volume of dry gas at N, T, 
P. The vapour pressure of water at 25°C is 23-45 mm 
of Hg, [6442 cm8] 
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An air filled cylindrical vessel at atmopheric pressure is 
lowered into water with its open month downwards until 
water occupies rd part of the whole volume ofthe cylinder, 
How much further it has to be dipped into water so that 
water occupies rd of its volume? Atmopheric pressure 
=76 cm of Hg end density of Hg=13,6 gom~’, [15°5 m] 


Two vessel of volumes V, and Vy are filled with a gas and 
pressures in them are P, and P, respectively. The vessel are 
then connected by a narrow tube with a stop cock, What 
will be the final pressure of the gas if the stop cock is 
opened, Assume the temperature to remain unchanged, 
(PV, +PaVe)/V.+Va) 


Two vessel of volumes 5 and 3 litre contain air at pressures 
of 3 and 7 atmospheric respectively, What will be the 
resultant pressure when they are connected togather with 
a small tube, Assume the temperature to remain 
unchanged, ; { 45 atmos,) 


A vessel contains an ideal gas at a pressure of 5 atmos- 
phere and a temperature of 300°K, Itis connected by a 
thin tube to another vessel with a connecting tap, whose 
volume is 4 times the volume of the first vessel, The 
second vessel contains the same ideal gas at a pressure of! 
atmosphere and temperature 500°K, Now the connecting 
tap is opened, equilibrium sets in, Assuming temperature 
to be constant, find the final pressure of the system. 

[2 atmos, } 
A capillary glass tube with fine bore has both the ends 
sealed and a small mercury pellet inside, The pellet 
divides the tube into two parts whose lengths are in the 
ratio of 3:1, If the initial temperature of the whole arrange- 
ment is 0°C and if it is heated afterwards to 273°C, what 


will be the change in the air-pressure inside the tube 7 
[In each part the pressure will be doubled. ] 
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A glass capillary tube, sealed at both ends is 100 cm long, 
it lies horizontally with the middle 10 cm occupied by 
mercury, The two ends of tube ( which are equal in 
length ) contain air at 27°C and at a pressure of 76 cm of 
mercury. Keeping the tube in a horizontal position, the 
air-column at one end is now kept at 0°C and the other end 
is maintained at 127°C. Calculate the length of the air 
column which is at 0°C and also its pressure, Neglect the — 
change in volume of mercury and glass, (I, I. T. 75). 
[36:5 cm, 85'2 cm of Hg] 
A uniform narrow tube closed at one end contains some 
air confined by a mercury 15 cm long, When the tube is 
held vertically with its closed end downwards, the air 
column is 20 cm long but when it is held horizontally the 
air column is 24 cm long, Calculate the atmospheric 
pressure, [75 cm of Hg.) 
An air bubble starts rising from the bottom of a lake. Its 
diameter is 3'6 mm at the bottom and 4 mm at the surface, 
The depth of the lake is 2:5 m and the temperature at the 
‘surface is 40°C. What is the temperature at the bottom 
‘of the lake? Assume that the variation of density of 
‘water with depth is negligible. Atmospheric pressure is 
76 cm of mercury and acceleration due to gravity is 980 
cm $72) (LI.T?66). [10.2°C] 
A cylinder closed at both ends is divided into two halves 
by a thermally insulated piston. Both halves of the 
cylinder contain equal masses of gas at a temperature of 
27°C and pressure 76 cm of Hg, What distance from the 
centre of the cylinder will the piston move if the gas at one 
section is heated to 57°C » What will be the final pressure 
in each section? The initial length of each section is 
42 cm, [2 cm, 79-8 bm of Hg.] 
A flask contain 1 g of oxygen at a Pressure of 10 atmos- 
Phere and at a temperature of 47°C, Ata latter time it 
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[a] 


was found that because of a leak the pressure has dropped. 
to 5/8 of its original value and the temperature has 
decreased to 27°C, Find the volume of the flask, and how 


many grams of oxygen leaked out, [82 cm®, 0:33 g.) 
IV-6. (Kinetic theory of Gases) 
Essay type questions : 


What evidence can you ofter to support that matter hos a 
molecular structure p 

What evidence can you offer to support that in liquid and 

gases molecules have a random motions p 

What is Brownian motions ¢ What is its importance in 

connetion with the Kinetic theory of gases p 

What are the fundamental assumptions of the Kinetic 

theory of gases 7 

State briefly how the pressure of a gas is explained on the 

Kinetic theory of pases, 

How do you derive the concept of temperature from the 

Kinetic theory: of gases ? 

How can Boyle's law, Avogadro’s hypothesis and Dalton's 
law’ of partial pressure be accounted for by the Kinetic 
they of gases 7 

If the pressure and density of a gas are known, how can 
the! velocity of a gas molecule be determined from them p 
What relation is there between temperature and velocity 
of a gas molecule 7 

How does a real gas differ froma perfect gas? Under 
what condition will a real gas behave closest to a perfect 
gas? 

What are ‘Avogadro’s number’, the ‘universal gas constant’ 
and Boltzmann’s constant, How they are related p 


meat 


Short answer type questions : 
Explain what is meant by mean velocity and rool-mean 
Square velocity, Are they identical 7 Which one is more 


important in Kinetic theory 7 
When heat is supplied to a body what physical process 
goes on inside it 7 (J. E. E, '79) 


‘What are the limitations of ideal gas equation PV=RT p 
Prove that the average kinetic energy of a moleule is the 
same for all gates at the same temperature, 

‘At same temperature molecules of different gases bave 
the same R, M. S, velocity’, Is it true. Justify your 
answer, (L L T. '81) 


, How does the R, M, S. velocity of the molecules of an 


ideal gas vary, wben (i) temperature is increased and 
(ii) density is increased, 

lo Brownian motion, do we observe the motion of the 
molecules of a liquid of a gas or of some other particles 7 
Show from Kinetic theory of gases that the average Kinetic 
energy of a ges molecule is proportional to the absolute 
temperature of the gas, 

Discuss the limitations of ideal gas equations, (H.S. '79) 
The average velocity of the molecules of a gas is zero il 
the gat os a whole and the container are not in transis- 


tional motion, How it can be that the average speed is 
not sero p 


. 1s ideal gas equation applicable to real gases p 


Write down Van-der-waal's equation of state with proper 
explanation. 


. How Kinetic theory explains (i) thermal expansion, 


(ii) change of state and (iii) evaporation and vapour 
pressure, 


Account for the diffusions phenomenon from Kinet 
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23, ‘If a pungent gas, ke ammonia, is Jet free at one end of 


“m, 


'0) 


75, 


26, 


77 


34i. 


_ the. room, it will pot be sensed by a person at the other 


end of the room at one’ —explain the statement, 
What do you mean by ‘mean free-path’ p 


Numerial probleme! 
If the R. M, S. velocity of hydrogen at NLT. P, is 1-84 
km st, calculate the R, M.S, velocity of the onygen 
molecules at N.T.P, Molecular weight of hydrogen end 
oxygen one 2 and J2 respectively, (Gorakhpor) 
(046 km er!) 
At whet temperature, presture remaining coontast, will the 
R. M. $. velocity of a gas be half of ite value at OC, 
(Agra) [= 204°79°C) 
Calculate the mesa Kinetic mergy of a molecule ofa poe 
in clectron-voll at a temperstare of JAIOK, Give Re 
#31 107 erg deg"! mole”, New@O25 x 10, (Bombay) 
(090040) 
Calculate the number of molecules is | em? of a partner 
gut at 27°C and at pressure of 20 mm of mereety, Mean 
Kinetic energy of a molecule at 27°C = 4% 10'* erp, dewity 
of mercury = 136 g ome?’ ia Guksow) (10t) 
Fiad the temperatare at which the root mes Square 
velocity of siropen molecules is earth's susopane 
equals the velocity of eseape from the earth's grevitatoonel 
field, Mass of siropa stom = 2324 x 10° —, miss 
radius of carth=6370 km, Botamans’s contsst= 1:3? x 
1o-#* org "C"¥, p= 980 om rt, GAS) [elix ork) 
Calculate the moicslir Kinctiapecrgy of | g of better 
oncad AAAA 27. Rebii eg per g 
mole per degres). (Bombsy saiv) [1245 10" erg 
Calculate the Kinetic ceergy of a gas per g Sole ot N. TP, 
Given that deatity of the gee~0.178 g per litre ot N. T. P, 
and moleculer weight is 4 Agta), (3 5 x 10" terg) 
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The mean kinetic energy of a molecule of hydrogen at 
is 5164x 10-14 erg and moler gas constant is 8°32 x 107 
mole-10,71, Calculate Avogadro’s number. (Banaras). 


At what temperature will the r, m, s, velocity of hydrogen | 
be double of its value at N, T. P,, Pressure remaining 
constant 7 [819°C] 
Calculate the r m, gs. velocity of hydrogen at N, T, P. 
and also at 2184°C, One litre of hydrogen weighs 0'08987 
gat N, T. P. [1:84 km s71, 5'52 km s~1] 
The diameter of the molecule of gas is 3x 10-8 cm, 
Calculate the mean free path and N, T. P, Boltzmann’s. 
constante= 1°38 x 10-16 erg 0,71, [9.3 x 10-6 cm } 
With what speed would one g mole of oxygen at 300°K 
be moving in order that tbe translation Kinetic energy 
of its centre of mass is equal to the total random K, E. 
of all its molecules, molecular weight of oxygen being 32 ¢ 
[48 x 104 cm s~+] 

Calcuiate the density of an ideal gas at S, T, P, if the 
r. m, s. velocity of the molecules be 0-5 km s-!, What 
will be density of the gas at 21°C, the pressure remaining- 
the same? (Assume 1 standard atmosphere=105 N m2) 
(J. E, E,’83) [1'2 kg m-8, 1:114 kg m~?) 

One g-mole of helium at 60°C is mixed with one g-mole 
of argon at 30°C, What is the temperature of the mixture t 
[45°C} © 


IV-7. {Change of State) 
Essay type questions : 
What is latent heat 7 What does it do? What do you 
understand by the statement that latent heat of ice is 80 v 


Is it a proper statement to say only 80 without any 
Mention of unit p What should be a correct statement ? 
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‘Describe an experiment for measuring the specific latent 


[B] 


heat of ice what precantions are necessary for two 
experiment ? 

How is melting point affected by pressure 7 What is 
regelation? Explain how a loaded copper wire can pass 
through a block of ice, Will the experiment succeed if a 
silk thread replaced the copper wire? Explain your 
answer, 

How would you show that a vapour exert pressure and 
that the maximum pressure a vapour can exert depends 
on the tempera‘ure, 

State the principal facts about evaporation and boiling, 
What is the fundamental difference between them 7 

How would you show that a liquid boils when its vapour 
pressure is equal to the pressure on itp 

What is the effect of change of pressure on boiling point 7 
What is meant by normal boiling point 7 

Describe one experiment each to show the effect of (a) an 
increased pressure, (b) a reduced pressure on boiling 
point, 

Mention some applications of boiling under (a) increased, 
(b) reduced pressure, 

What do you understand by the statement that the latent 
heat of steam is 540 calories per gram 7 

Describe an experiment to measure this latent heat, What 
precautions are necessary for the experiment 7 


Give some examples of cold produced by evaporation, 
Mention seme practical uses of it, 


Short answers type questions : 
Suppose that the latent heat of ice were suddenly reduced 
to half its value. What may be the effect of such a change 


| on the snows of the Himalayas ? 
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Do all substances have sharp meling points ? Gi : 
examples, 
In what sense is freezing a heating process? How don 
the heat thus produced protect plant and temper the 
climate ? i 
Brass is not suitable for type making why ? 
In cold countries hot water pipes burst more often them 
cold water pipes runaing side by side. Why 7 
Explain is a small tube filled with water will freeze if kept 
surrounded by melting ice 2 a 
Explain why two pieces of ice can be joined by pressing 
them togather for a few seconds and then releasing the 
pressure, 

What is meant by ‘supercooling’ p 
‘In expanding in solidification water exerts a considerable 
force’—illustrate it with suitable example, 
A loaded copper wire cuts through a piece of ice without 
dividing the piece into two halves, State with reason whi 
will happen if (i) the copper wire be replaced by 
ordinary thread and (ii) temperature of air goes below 0°C. 
Why do cracks found in rocks ọ 

What are ‘Sensible heat’ and ‘latent heat’ ? 
Why is ice at 0°C a better cooling agent than wal or 
at 0°C 7 ‘ 
When can heat be supplied to a substance without caving 
a change of temperature? How can this heat 
recovered ? 

Why electrical fuses are made of alloys ? 

When common salt is mixed with ice, the temperature 
the mixture goes much below 0°C, Why 2 

In cold countries, why water of the radiator of automo: 
biles is mixed with glycol or glycerine ? 


What is eutectic temperature and entectic mixture 7 
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35 


Two metal sphere one of aluminium and other of lead, each 
having the same weight, are suspended with threads, 
A vessel containing molten napthalene in equilibrium with 
solid napthalene is taken and the two spheres at room 
temperature are simultaneously plunged into the clear 
molten liquid napthalene at the top of the vessel, kept 
immersed for about a minute and then taken out, Each 
gets coated with some frozen napthalene and on weigh- 
ing the napthalene coated aluminium sphere appears heavier 
than the napthalene coated lead sphere, 

Briefly explans the reason for the difference and state 
your conclusion about the relevent properties. (J,E,E, 74). 
Water boils (i) on a hill station, (ii) at sea-level, (üi) at the 
bottom of a deep mine, How do the boiling points differ 
at the three places 7 

A flask containing water is heated, After the water has 
been boiling briskly for some time, the flask is quickly 
stoppered and removed from the flame, Explain why, 
when the flask is dipped into cold water, the water inside 
begins to boil, 

To cook food at the top of a high mountain, you employ 
a method different from that u:ed-on the plains, Explain 
why. 

How do earthenware pots keep water cool in Summer 7? 
How is dry ice formed 7 

Can water in a beaker kept on a table be made to boil 
by passing steam at atmospheric pressure through ity 
Why ? (H.S. ’65). 
A piece of boiling paper is placed in a beaker of ether 
with part of the paper projection over the edge. Soon 
frost is noticed on the projecting portion of the paper. 
Why? 

The temperature recorded by a thermometer decreases 
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when its bulb is covered with a piece of cloth soaked in 
alcohol. Explain, 

Can water be frozen by its own evaporation ? 

Why does evaporation cause cooling ? 

What is the difference between ‘latent heat of vaporisa— 
tion’ and ‘latent heat of evaporation’ 7 

How can you show that vapour exerts pressure ? 
Dintinguish between a gas and a vapour. 5 

Why is hydrozen called a parmanent gas ? 

What is the advantage of taking water as the hot substance 
ia a hot water bottle ? 


A person gets a more severe burn by steam at 1C0°C, than 


by boiling water. Why ? (H. S. ’82, ) 
Some astronaut on the surface of the moon took some 
water at about 20°C out of his thermosflask and poured 
over into a glass beaker, Briefly explain what you would 
expect to happen to water, (J.E.B. ’76), 
It is found that at ordinary temperature some gases like 
ammonia can be liquified with suitable pressure, where as 
other like oxygen cannot be so liquificd whatever be the 
Pressure applied. Explain why it is so, (J.E.B. 72) 
Why much longer time is required to boil away a quantity 
of water than that necessary to bring it to the boiling 
Point, heat being supplied at constant rate ? 
Why the reading of a thermometer is lowered where its 
bulb is wrapped with a weti rag ¢ What difference will be 
observed when the rag is wetted with (i) ether, and 
(ii) water 2 OEE, 74) 
‘At Darjeeling water boils at much lower temperature 
than 100°C’—Explain. 


Why the temperature of a boiling liquid cannot be increased 


_ further on application of heat ? 


50, 


It a few drops of ether is poured on the bulb‘of a thermo- 
meter an immediate lowering of temperature is produced. 
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But when the thermometer is dipped in a bottle of ether, 
no such lowering of temperature is observed, Explain 
with reasons, 

Why does one kg ofiron melt more ice than one kg of 
lead, both being at the same temperature of 100°C ¢ 

Why it is harmful to dry wet clothes on the body 7 

Why does water keep cool in an earthen pitcher but not so 
in a brass one ? 

Why does tea cool rapidly when poured in a flat dish ? 
Why ‘Khaskhas’ screens are used on the windows in 
summer ? 

Why is a thermometer bulb not kept immersed in the 
liquid in determining boiling poin 7 

Why are some pieces of broken glass put in a vessel while 
boiling water in the vessel ? 3 

While cooking rice, ifa lid is placed on the pan, rice is 
well-cooked, Why ? 

Why do we feel comfort under an electric fan during 
summer ? 

Why a cold sensation is feel when few drops of ether is 
poured on the hand ? 

Why increased pressure lowers the melting point of ice 
but increases that of wax ? 

Why does a strong jet of steam burst out from a boiling 
Kettle when the gas burner is switehed off, while no steam 
was visible before ? 

Why vegetables etc are not boiled well on the top of the 


hill p 


Numerical problems © 

3 kg of copper heated to 72°C are placed ona block of 
ice, How much of ice will melt? Sp, heat of copper is 
0:1 and lalent heat of fusion of ice is 80 cal/g, [270g] 
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A> piece of ice at 0°C and weighing 15 g is dropped into 
85 g of water at 20°C in a copper calorimeter, When all 
the ice melts the temperature falls to 16°C, If the latent 
heat of fusion of ice is 80 cal/g, Calculate the water 
equivalent of the calorimeter, [50 g] 
40 g of ice at— 15°C (sp. heat 0'5) are mixed with 150g of 
water at 90°C. What is the resulting temperature ? 
[45°25°C] 
250 g of copper at 90°C are dropped into a copper calori- 
meter weighing 100 g and containing 10g of ice and 25g 
of water at 0°C, The specific heat of copper is 0'1 and 
latent heat of fusion of ice 80 cal/g, Find the resulting 
temperature, [20°7°C] 
A 100 g brass ball is cooled to the temperature of liquid 
air i.e., — 190°C and dropped into a calorimeter containing 
water at 0°C, Calculate the mass of ice formed (neglect- 
ing absorption of heat from the calorimeter), The sp heat 
of brass in this range is 0:08 and latent heat of fusion 
of ice is 80 cal/g. [19g] 


A quantity of ice at 0°C is added to 50g water at 
30°C in a calorimeter of water equivalent 10 g. The final 
common temperature is 10°C, Calculate the mass of ice 
added. Latent heat of fusion of ice is 80 cal/g. [1348] 


A brass ball weighing 10 g and heated to 250°C is put 
inside a cavity in a block of ice, of which 2:7 g melt, If 
the latent heat of fusion of ice is 80 cal/g, caculate the 
specific heat of brass. [0:09 cal g-1°C-*] 
A metal vessel containing 250 g of water at 30°C is 
placed in a refrigerator which abstracts heat at the rate of 
275 calories per minute, Calculate the time taken by the 
water to be converted into ice at 0°C, The latent heat of 
fusion of ice is 80 cal/g. The weight of the vessel may be 
neglected, [1 hr, 40 min] 
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100 g of ice at °C are added to 200 g of water at 30°C, 
What will be the final temperature ? [0°C] 


The latent heat of fusion of sulphur which melts at 113°C 
is 9 cal/g and the sp heat of solid sulphur is 0.17 cal/g°C, 
Find the rise is temperature when 35 g of liquid sulphur 
at its melting point is poured into a copper calorimeter 
weighing 40 g and containing 100 g of water at 14°C, 
(sp. heat of copper = 0'1 cal/g’C), [82°C] 
A pitcher holds 1 litre of water. We wish to cool it from 
35°C to 10°C, How many 20 g ice-cubes must be added 7 

[10] 


A can of water equivalent 100 g contains 500 gof water at 
40°C, Steam at 100°C is allowed to condense in the 
vessel. What quantity of steam is required to raise the 
water to its boiling point? Latent heat of steam is 540 
cal/g. [6672] 


What quantity of steam at 100°C should be condensed in 
a mixture of 300 g of water and 30 g of ice at 0°C so as to 
make the final temperature 30°C} Latent heat of fusion 
of ice is 80 cal/g and latent heat of steam 540 cal/g, 

[117 g] 


A calorimeter of which the heat capacity may be neglected, 
contains 1000 g of water at 30°C. Itis placed on an 
electric stove, when the temperature of water rises to 
100°C in 10 minutes. Calculate the amount of heat 
absorbed by the water per minute, How long will the 
water at 100°C take to boil away completely 7 

{7000 cal/min, 771 min] 


By the evaporation of 25g of ammonia 85g of ice at 0°C 
are formed from water at 20°C, If the latent heat of fusion 
of ice is 80 cal/g, Calculate the latent heat of vaporization 
of ammonia, [340 cal/g] 
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If 70,000 cal of heat are extracted from 100 g of steam at 
100°C, what will bə the result? (Latent heat of steam= 
540 cal/g, Latent heat of ice—80 cal/g.] 

[75 g of ice and 25 g of water at 0C] 


A copper vessel of water equivalent 60 g contains 600 g 
of water at 30°C, A bunsen burner, adjusted to supply 
100 calories per second is used to heat the vessel, Neglect- 
ing all losses çalculate (i) the time required to raise the 
water to boiling point and (i) the time required to boil 
away 50 g of water, (Latent heat of steam—540 cal/g.) 

[462 s, 270 s after (i)] 


A mass of ice, 5g in weight, initially at — 20°C is heated till 
it is all converted in to steam at 100°C, 

Calculate the total amount of heat required, assuming the 
sp. heat of ice to be 0'5, the latent heat of fusion of ice 80 
cal/g and that of steam 540 cal/g, [3650 cal] 


When steam at 100°C js passed into a mixture of ice and 
water contained in a vessel it is found that 15g is 
condensed before all the ice is melted and the mixture 
rises to 4°C, How much ice was there to begin with 7 
(water equivalent of the vessel and water = 50g, Latent 
heat of water=80 cal/g, latent heat of steam—-40 cal/g.) 

[ 9g nearly. ] 
10g gi Water at 0°C is rapidly evaporated until the 
remaining water freezes to ice, Assuming that no heat 
is absorbed from the surroundings, calculate how much 
water evaporates away when the remaining water is all 
frozen. (Latent heat of evaporation of water is 600 cal/g, 
latent heat of ice=80 cal/g, ) [ 12g nearly. ] 


Steam at 100°C is allowed to flow over a piece of ice at 
0°C, After sometime it js found that the amount of 
water formed is 225g, The initial and final mass of ice 
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are 850g and 650g respectively. Find the latent heat of 
vaporisation of steam. (Latent heat of ice=80 cal/g). 
[ 540 cal/g, ] 
A porous vessel having 100g of water in its pores contains 
500g of water at 25°C, How much water must evaporate 
so that the remaining water should be at 20°C 7 The latent 
heat of vaporisation of water at 25°C is 580 cal/g. [517g] 
A mixture of 250g of water and 200g of ice at 0°C is kept 
in a calorimeter which has a water equivalent of 50g. If 
200g of steam at 100°C is passed through this mixture, 
calculate the final temperature and weight of the contents 
at the calorimeter, (L1.1)74) [$72'228 of water at 100°C] 
Equal quantities,of hot water and ice were mixed. When 
ice melted the temperature of the mixture was found to 
be 0°C. What was the temperature of the hot water ? 
s [ 80°C ] 
_.80°C are dropped into some water at 20°C. 
ure of the mixture is 
added to the mixture. 


10g of ice at 
When all ice melts, the temperati 
15°C, Again 15:6g of ice at 0C 
After melting, the temperature of the mixture is brought 
down to 10°C, Find the latent heat of fusion of ice, Find 
also the initial mass of water, SP. heat of ice=0'5 cal/g. 

[ 794 cal/g. 268'8g. ] 
Density of water and ice at 0°C are 1gem™* and 0:916gm~* 
respectively. A piece of metal, weighing 10g is heated to 
90°C and is theo dropped into mixture of water and ice, 
Some ice melts and the volume of the mixture contracts 
change of temperature, Find the 
if the latent heat of fusion of 
ice=80 cal/g. (IXT,’64) [0087] 
10g of a substance was taken in the solid state at — LOC. 
64 calor.es were required to heat it to 2°C (still in the 
solid state) and 880 and 900 calories were required to 
heat it to the liquid state at 1°C and 3°C respectively, 


by 01cm? without any 
sp. heat of the metal, 
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Assuming that the sp. heat of the meterial in the solid 
and liquid state has values S; and S, (S, =S,) respectively, 
find their values, Show that the latent heat of fusions 
L is related to the melting point temperature ta by 
L=79+0:2t,,. (J.E.E. ’82) [08,1] 
The boiling point of water at a lower station is 100°C and. 
that at the upper stations is 96°C, the temperature of air 
at the two stations being 14°C and 10°C respectively, 
Density of air at N. T. P. is 1'293 x 10-4g cm-8, Find 
the height between the stations, [ 1'277 km, ] 


100g cf copper nails are heated to 100°C and are then 
dropped into a calorimeter whose mass is 100g. The 
calorimeter contains 40g of a mixiure of ice and water, 
If the final temperature is 10°C, find the mass of ice in 
the mixture, Sp, heat of coppere=6'09 and latent heat of 
fusion of ice=80 calg-*, (I,1,T, 62) [4] 


5g of water at 30°C and 5g of ice at — 20°C are mixed 
togather in a calorimeter, Find the final temperature of 
the mixture. Water equivalent of the calorimeter is 
negligible. Sp: heat of ice=0:5; Latent heal of ice 
=80 cal g-*, (LLT, °77), [0C] 
An aluminium container of mass 100g contains 200g of 
ice at — 20°C, Heat is added to the system at the rate of 
100 calories per second, What is the temperature of the 
system after 4 minutes? Sp, heat of aluminiuw=0:2, 
Sp, heat of ice=0'5; Latent heat of fusion of ice 
=80 cal g71, (11,173) [255°C J 
An earthen pitcher loses 2g of water per minute due to 
evaporation. If the water equivalent of the pitcher is 
0'5kg and the pitcher Contairs 9.5 kg of water, calculate 
the time required for the water in the pitcher to cool to 
28°C form its original temperature of 26°C, Neglect 
tadiations effects, Averege latent heat of vaporisation of 
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water in this range of temperature = 58 cal g-t. (LI.T.’70) 

[ 34.4 min, ] 
2 g of steam at 106°C is allowed to pass through 55g of 
water at 10°C, kept in a copper calorimeter of mass 50g, 
The final temperature of the mixture is 30°C, Find the 
latent heat of vaporisations of water. Sp, heat of 
copper=0'1, (].E.E, ’72) [530 cal g~t ] 
How should 1kg of water at 5°C be so divided that one 
part of it when urned into ice at 0°C would by this change 
of state, gives outa quantity of heat just sufficient to 
vapories the other par! 7 (J E.E. ’80) [881:96g, 118°04g.] 
When a piece of metal weighing 48'3g at 107°C was 
immersed in a current of steam at 100°C, 0'762g of steam 
was found to condense, Calculate the sp, heat of metal, 
Assume latent heat of vaporisations of water as 540 
cal g-t, (LLT. 763) [ 0:095 ] 
7,5g of copper at 97°C were dropped into liquid oxygen 
at its boiling point (— 183°C) and the oxygen evaporated 
occupied 1:89 litres at 20°C and 750mm pressure, 
Calculate the later t heat of vaporization of oxygen. Sp. 
heat of copper=0'08 ; Density of oxygen at NTP, 
=1°429 git. (Cambridge) [50°74 cal g+. ] 
A copper calorimeter weighing 100g contains 150g of 
at 30°C, Pieces of ice which have not been dried 
final temperature after stirring is 
calorimeter and its contents is 


water 
are dropped in and the 


5°C, The weight of the 
then 300g, How much water was put in with the pieces 


of ice? (Take latent heat of ice as 80 cal g~t and the 
specific heat of copper as 0 1). (Oxford,) [3:125g.] 
Jn an industrial process 10kg of water per hour is to be 
heated from 20°C to 80°C. Todo this, steam at 150°C 
is passed from a boiler into a copper coil inmersed in 
water, The steam condenses in the coil and is returned 
to the boiler as water at $0°C, How many kg of steam 
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are required per hour? (Sp, heat of steam=1 cal/g°C ; 
Latent heat of Steam= 540 cal g-!,) (LIT. °72) [1 kg] 
A sample of steam initially at 110°C anda piece of ice 
originally at —15°C come to thermal equilibrium with 
water at a temperature of 40°C at normal atmospheric 


-pressure, Find the ratio of the mass of ice to the mass 


of steam used, Given latent heat of steam=540 cal s 
that of ice=80 cal g=: ; Sp. heat of steam—0:53 and 
that of ice=0'48, [473] 
15g of ice at 0°C are put into a calorimeter of mass 100g 
containing 200g of water and the final temperature 
reached is observed, The experiment is then repeated 
with the same masses and calorimeter and with the water 
at the same initial temperature but with the ice initially 
cooled to—180°C. The final temperature is then 6 degree 
celsius lower than before, Neglecting heat exchange 
between the calorimeter and its Surroundings, calculate 
a value for the mean sp, heat of ice between — 180°C to 
0C, The sp, heat of copper may be taken as 0,10 
cal-1°Cgz1, (London), [0:5 cal g-1 °C-1, J 
In one method for storing solar energy, Glauber’s salt 
can be allowed to warm up to 45°C in the sun’s rays 
during the day and the stored energy is used during the 
night, the salt cooling down to 25°C. Glauber’s salt melts 
at 32°C, Calculate the mass of the salt needed to store 
10° joules, Sp. heat of solid salt=110 Jkg-1k~1, sp, 
heat of molten salem 160 Jkg-+k-1, latent heat of fusion 
=1'4x 104 Jkg-2, [59"5kg.] 
20 minuts were required to heata certain quantity of 
water from 0°C to the boiling point with an electric 
heater. A further 1 hr, 48 min, were needed to 
turn all the water into steam under the same condition. 
Determine from these data the latent heat of vaporisation 


of water, [540 cal g-4.] 
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Heat is supplied to 50g ofa solid at the rate of 5 cal/s 
and the temperature of the solid rises 11°C/min, After a 
time the temperature remains steady for 13 min and then 
begins to rise 6°C/min, Calculate the sp heat of the 
substance in the solid and liquid state and its latent heat 
of fusion, [0 545, 1,’78 cal g-* J 


A certain amount of ice is supplied heat at a constant rate 
for 7 minutes, For the first 1 minute, the temperature 
rises uniformly with time, then if remains constant for 
the next 4 minutes and again rises at a uniform rate for the 
last 2 minutes. Explain physically these observations and 
calculate the final temperature, (J.E,E. ’75) [40°C] 


800 g of ice is found to melt when 100 g of steam at 100°C 
is condensed in an ice cavity at 0°C. Further it is found 
that when a copper ball of 150 g at 500°C is dropped in 
the ice cavity it melts 95 g of ice, If the sp heat of copper 
=420 Jkg-!, calculate the sp. latent heat of ice and steam. 

[332 x 104 Jke 223°6 x 104 Jkg-*.J 


20 g of ice at 0'C are dropped into a mixture of oil and 
water at 30°C and are just melted in cooling the mixture 
to 0°C, If the sp. heat of oil is 0:6 and the total weight of 
the liquid at the end of the experiment is 85 g, find the 
d water in the original mixture. 

[29:2g oil and 35:8 g water, ] 


A test tube containing 3 g of ether is immersed in a beaker 
of water which is surrounded by melting ice, When whole 
is at 0°C, a stream of air at 0°C is blown through the ether 
until it has all evaporated, The cap of ice formed round 
the test tube has a mass of 3'14 g Find the latent. heat 
Latent heat of fusion of ice= 

(83:73 cal 87+] 


quantities of oil an 


of vaporisation of ether. 
30 cal g-2- (Oxford) 
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IV-8 ( Hygrometry ) 
Essay type questions : 


Define dew point and relative humidity. How is the later 
expressed p Distinguish between relative and absolute 
humidity. 

Describe Regnaulis hygrometer for measuring dew point, 
How would you determine humidity with its help ọ 

What is vapour pressure? How would you show that 
(i) a liquid canexert a maximum vapour pressure at a given 
temperature, (ii) this maximum value increases with rise 
of temperature, and (iii) different liquids have diferent 
vapour pressures at the same temperature 7 

Explain how dew and frog are formed. 

Short answers type questions è 

The bulb of a thermometer is wrapped round with cotton, 
which is wetted in turn with (i) water, (ii) ether, (iii) oil, 
How will the readings differ and why ? 

Explain why on a hot summer day immediately after a 
rain, a block of ice on a cart appear to steam copiously. 
What becomes of the steam which a boiling kettle dis- 
charges into a room 7 

A piece of glass is dimmed when you blow on it with your 
month on a winter morning, but not on a summer noon. 
Explain. 

Why is summer heat often oppressive before a shower ? 
What kind of weather would you expect to find when the 
dew point and the air temperature are the same ? 

Why does warm moist air cause more discomfort than 
warmer dry air ? 

What would be the effect on the readings of a barometer 
if (i) little air, (ii) a little water, were left in the Torricel- 
lian vacuum > How would you detect whether it was air 
or water ? 
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What is meant by the statement—The aquous tension at 
20°C is 17.5 mm. 

The relative humifity of an atmosphere is 60%—Explain 
the statement, 

‘The dew-point on a certain day is 19,5°C-—Explain. 
Explain what effect, if any, there will be on the dew point 
and humidity if (i) a quantiiy of water is gradually 
sprinkled in the room, (iii) the temperature of the 
atmosphere in the room is raised. 

Mention the difference between a saturated and unsaturated 
vapour. 

Is it possible for the dew point to go below 0°C p Explain 
with reasons, 

Under what condition, will the room temperature be equal 
to the dew point 7 

Dews are found to deposit sometimes on the outer surface 
and sometimes on the inper surface of a window glass 
pane, Under what conditions such formation of dews 
may occur ? 

When is dew point not found 7 

Delhi is more comfortable than puri on an equally hot 
day, Explain why ? 

Why is wet clothes usually dry up quicker in winter than 
in rainy season although the temperature in winter much 
less ? 

Which one is necessary for weather forecasting—relative 
humidity of absolute humidity 7 

Cloudiess nights help better deposition of dews than cloudy 
night—Explain. 

The temperature of the two rooms are equal but the 
relative humidity are different. Which room will appear 
more comfortable 7 

Why do dews accumulate on the outer surface of a glas: 
vessel when ice water is poured in it ? 
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Why do dews forin on some substance than other 7 
What are the factors responsible for copions deposition 
of dews ? 
What is the saturated vapour pressure of water at 100°C > 
Why is dew formed more on the grass than on the tree 
leaves at night 7 
When humidity lies within a definite range we fell comfor- 
table—Explain why ? 
Why we apply glycerine on the lips during winter 9 
In aclosed room if the temprature is increased what 
happens to (i) the dew point, (ii) relative humidity 7 
Numerical problems : 
Find the relative humidity when the room temperature is 
40°C and the dew point 30°C, S.V P. of water at 40°C and 
30°C are respectively 5.53 cm and 3,18 cm. [54%] 
The temperature in a closed room is observed to be 15°C 
and the dew point is 8°C. If the tem perature falls to 10°C 
how will the dew point be affected ọ (S.V.P, at 7°C and 
8°C are respectively 7,49 mm and 8.02 mm of Hg, 
[Lower by 0.25°C] 
Calculate the mass of 7.5 litre of most air at 27°C, given 
that the dew point is 15°C and the barometric height 
76.275 cm. Calculate also the humidity of air, S.V.P, 
of water at 27°C and 15°C are 25.5 mm and 12:75 mm 
respectively, [8.9g, 0:5] 
Calculate the dew point when the air is 2/3 saturated. with 
water vapour, the temperature being 15°C, given that for 
the pressure of 7,9,11,13 mm Hg, the corresponding boil- 
ing points of water are GC, 10°C, 13°C and 15°C 
respectively. [9.3°C] 
Calculate the temperature at which dew will be deposited 
when the hygrometric state of the air is 20°C and relative 
humidity is 53%, The S,V.P, at 20°C, 10°C and 9°C are 
repectively 17:5, 92 and 8 6 mm of Hg, [10, °C] 
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The pressure of a saturated vapour at 21°C, 22°C and ‘30°C 
are respectively 18.6 mm, 19.1 mm and 31.7 mm of Hg. 
If the temperature of air is 30°C and the dew point is 
21,5°C, find the relative humidity‘of air. [60.69,] 


The temperature of air ona certain day is 23°C and the 
relative humidity is 50%, What fraction of the mass of 
water vapour in air would condense, if the temperature 
falls to 10°C 7 (S.V.P. at 23°C=21.1 mm and at 10°C 
=9,2 mm, ) [0.23] 
If 200 g of water are collected to evaporate in a room 
containing 50 mê of dry air at 30°C and 760 mm of Hg 
pressure, what will be the relative humidity of the air in 
the room? (S.V.P, at 30°C is 31.6 mm.) [0.13] 
The relative humidity in a closed room at 15°C is 60%. 
If the temperature rises to 20°C, what will be the relative 
humidity then 7 On what assumptions is your calculation 
based? S.V.P. at 15°C=12'67 mm Hg and at 20°C— 
17.36 mm Hg. [45%] 


A closed room of volume 125 m? is filled with air at 
27°C. If the relative humidity falls from 90% to 40% 
find the mass of water vapour condensed. (S.V.P at 
27C=26.7 mm Hg and R=83x 107 erg/deg/mole, 
Molecular weigħt=18.) (A.T. ’70) [1286 g] 
A vessel of water is put in a dry sealed room of yolume 
76m: at a temperature of i7C. The saturated vapour 
pressure of water at 17°C is 15 mm of Hg. How much 


water will evaporate before'the water is in equilibrium 


with its vapour ? (L&L T. °78) [1,135 kg] 


A flask is completely filled with 1g of saturated steam at 
100°C, How much water will condense into water if the 
temperature of the flask is reduced to 25°C 7 (Aqueous 
tension at 25°C=30 mm Hg.) (LEE, ’81) (0.96 g] 
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Calculate the mass of 1 litre of moist air at 27°C when the 
barometer reads 753°6 mm of Hg and the dew point is 
16,1°C, (S,V.P, at 16:1°C=13-6 mm Hg; the density of 
air at N.T.P.=0,001293 g cm-3, that of saturated water 
vapour at N.T P, =0.000808 g cm-*.) (LELT, ’77) [1.159 g] 


A jar contains a gas and a few drops of water at T°K. The 
pressure in the jar is 830 mm Hg. The temperature of the 
jar is reduced by 1%, The saturated vapour pressures of 
of water at the two temperatures are 30 and 25 mm Hg. 
Calculate the new pressure in the jar. 

(LI.T, 81) [817 mm Hg ] 
Air at 30°C and 90%, relative humidity is drown into an 
air conditioning unit and cooled to 20°C, the relative 
humidity being reduced to 50%. How many gram of 
water vapour must be removed by the air conditioner 
from a cubic metre of air? Neglect the change of volume 
of air, Given density of saturated vapour in air at 30°C 
is 30 g m-® and at 20°C`is 17 g m=8, (J E.E. ’72) [18.79 g] 
A capillary tube of uniform bore has some air entrapped 
by a water index. When the atmospheric pressure is 76,25 
cm, and the temperature is 20°C, the air-column is 15*6 
cm long. With the tube immersed in water at 50°C, it was 
19,1 cm long the atmospheric pressure remaining the same. 
If the S.V.P. of water at 20°C is-17.5 mm, deduce its value 
at 50°C, [9.17 cm Hg] 
A closed vessel of constant volume contains a mixture of 
air and water vapour, The air and water vapour exert 
pressure of 5 KN/m? and 1,50: KN/m2 respectively at 
20°C, Determine the temperature at which the water 
vapour becomes saturated as the temperature is gradually 
reduced to 0°C, S.V.P. of water at 0°, 5°, 10°, 15° and 20°C 
are. respectively 0,61, 0,86, 1, 21,1,70 and 2,33 KN/m? 
respectively, (12 5°C}. 
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IV-9 ( Transfer of heat ) 


Essay type questions 2 
Illustrate with suitable examples the different methods of 
transfer of heat. Bring out clearly the difference between 


them, 
How would you show that different substances have 


different conductivities 7 

Describe briefly and explain the actions of (a) a practical 
appliance where use is made of the good conducting power 
of a material, (b) an appliance where a bad thermal 
conductor is employed, 

Define thermal conductivity of a substance, Explain 
whether the establishment of steady state is essential for 
this definition to be applicable. What is the unit of thermal 
conductivity in C.G.S. and FPS, systems ? 

Draw a sketch of Davy’s safety lamp. Explain the use of 
wire gauze surrounding the flame. 

What is a convection current f Give three examples of 


convection currents where they are made to serve some 


useful purpose. 
Distinguish between con 
State Stefan’s law. Write a short note on it, 
use that you know of it. 
When Stefan’s law is used for measuring the temperature 
of a molten metal is an open crucible, do we get the 
correct temperature of the metal? Give reasons for your 


duction and convection. 
stating any 


answer, 

Short answer type questions + 

o identical jugs, one with a 
he other with black surface. 


ickly and why ? 
diation from the earth’s 


Hot water is placed in tw 
polished white surface, and t 
Which one will cool more qu! 
Clouds prevent loss of heat by ra 
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surface, How does presence of night clouds affect 
formation of mist and fog 7 

The squirrel wraps its brushy tail round its body during its. 
winter sleep, Explain why 2 

Explain why do bird puff their feathers out on a cold 
day. 

A hen, wishing to sit on eggs hatch out chicks, casts. 
feathers from her breast, Why ? 

A house with a straw roof keeps cool in summer and 
warm in winter—why ọ 

The bulb of a delicate thermometer is immersed at a slight 


depth below the surface of water, The upper surface of 


the water is heated ; but the thermometer hardly shows 
any temperature rise. On heating the water from below, 
the thermometer shows an immediate rise, Explain with 
reasons, 

A gas-filled electric lamp feels hotter than an evacuated: 
lamp when lit. Why ? 

To minimise transfer of heat between a calorimeter and its 
surrounding, it is placed on cork tips (or suspended by 
silk or cotton threads ) inside an enclosure, Also, its 
surface is polished and silvered, 


Briefly explain how all these mininise the tranference of 


heat, 


Explain why a thermometer With its bulb covered by soot, 
when kept in the Sun, records a higher temperature than 
an ordinary one, 

Why ‘the flame of a bunsen burner cannot get through a 
piece of wire gauge placed upon it p 

(i) Why the space between the double walls of a themos- 
flask is evacuated ? Why the inner surface of these walls 


is silvered and (iii) Why the mouth of the flask is closed 
by a cork stopper 7 


a T. 
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19, 


20, 


25, 


26. 


27, 
28. 


29. 
30. 
31, 
32, 


33, 


34, 


25; 


What is meant by the statement that the thermal conduc- 
tivity of glass is 0,002 C,G.S, unit 7 

What are your arguments in favour of the conclusion that 
radiant heat is but invisible light 7 

When a piece of metal cooled much lower than 0°C is 
touched, a sensation of scorching is produced. Why 7? 
Why are cooking utensils usually made of metal ọ 

Why are metal fins attached to a motor car radiator 7 

On a hot day the surface water of a pond is warmer than 
the water below, but on a day when it is nearly freezing, 
surface of the water is colder, Why 7 

Why does human body remains warm on cold day and a 
lump of ice remains cold on a hot day if each is wrapped 
in a blanket 7 

A stone floor feels cold in the winter, but when a carpet 
is laid we feel warm, Why ? 

Why does a greenhouse keep hot in winter 7 

If you touch a piece of iron and a piece of wood lying 
exposed to the heat of sun, which feels hotter and why ọ 
Why are woollen garments called warm ? 

Why is the handle of a kattle wrapped with cane 7 

Which will give you comfort in winter—one thick shirt or 
two of half the thickness, the material being the same 7 
What should be the nature of the bottom of a cooking 
vessel 7 

A wooden rod can be held at one end for a pretty long 
time with the other end pushed into a fire but an iron rod 
similarly placed cannot be held for a long time, Why 7 
You have taken a very fine powder of chalk in one hand 
and a course powder in other. If you exchange hot 
metal ball from one hand to other, which hand will ‘feel 
warmer ? 

Why is it hotter the same distance over the top of a fire 
than it is in front 7 
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Black clothes are prefered in winter. Why 7 
Why is the umbrella cloth usually black 2 
Two rods of different material are of equal length and of 
crosssection A, and A,, Ifthe temperatures at the two 
ends of each rod are 0, and @,, find the condition so 
that the rate of heat flow be equal. 
At what temperature would a block of wood and a block 
of matal feel equally cold or equally hot when touched 7 
(LIT. °76) 
Explain why felt rather than air is used for thermal insula- 
tion even though the thermal conductivity of air is less 
than that of felt > (LET, ’78), 
Heat is generated continuously in an electric heater but 
its temperature becomes constant after some time. Why ? 
In a desert, it is too hot during day time and too cold 
during night, Explain. 
Two thermometers are constructed in the same way except 
that one has a spherical bulb and the other an elongated 
cylindrical bulb, Which one will respond quickly to 
temperature changes 7 (LLT, ’75) 
Why do we feel maximum hot inside aroom a few hours 
after the maximum temperature outside ? 
‘Good emitters one good absorbers and bad emitters are 
bad absorbers’—Discuss the Statement, 


Numerical Problems : 


An Aluminium pan is Placed on a fire for water to boil in 
it. If the bottom is 1 mm thick what is the temperature 
of the side facing the fire, given that 1 g of water vaporizes 
in 2 minutes per cm? area of the bottom. (K for Al=0,5 
cgs unit, Latent heat of steam = 540 cal g-1,) 

[101°C nearly] 
The metal plate of a boiler is 1.5 cm thick. Find the 
difference in temperature between its faces if 32 kg of 
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48. 


49. 


50, 


51. 
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water are evaporated from the boiler per m? per hour. 
(Latent heat of steam=540 cal g-*, k of boiler plate==0°15 
cgs unit), [4:8°C] 
The inside of a glass window, 2 mm thick and Im? in 
area, is at a temperature of 15°C and the outside is at 
5°C, Calculate the rate at which heat is escaping per hour 
from the room by conduction through the glass. 
[72x108 cal] 
A rod of metal of thermal conductivity 0'9 is 31-41 cm 
long and 4 cm in diameter. One of its ends is kept 
exposed to steam at 100°C and the other in contact with 
a block of ice at 0°C. How much ice will melt per minute 
in a steady state 7 (27 g] 
An iron plate is 1 mm broad and its area is 150 cm?®, 
The two opposite surfaces of the plate are at temperature 
100°C and 30°C and in’l second 3940 calories of heat flow 
from one. surface to the other, What is the thermal con- 
ductivity of iron 7 (H.S. ’83) [0:15 cgs unit.) 
A composite slab is made of two material x andy of egal 
area, The thickness and the thermal conductivity of x 
are d,, K, and that of y are da, ky. If @, and 94 be the 
temperature of the free surfaces of the composite slab, 
then show that the composite slab may be replaced by a 


single material whose thermal conductivity 


«ky ko(di +d) and the temperature of the interface is 
k4 1 +k, Ue 
gE 2ad a Hka0, t, 
kad; -+K,5 

A bar of copper of length 75cm anda bar of steel of 
length 125 cm are joined togather end to end. Both are 
circular cross-section with a diameter 2cm, The free end 
of copper and steel are maintained at 100°C and 0°C 
respetively, The surface of the bars are thermally insula- 


k 
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. ted, What is the temperature of the copper-steel junction ọ ` 
s Thermal conductivity of copper=9:2 x 10-2 k cal/m/°C/S 
jot] and that of steel=1-1 x 10-2 k cal/m/°C/S, (LLT, TT) 
g [93:3°C, 0:258 cal s-+] 
53. A uniform copper bar, 50 em long, is lagged and has its 
ends exposed to ice and steam respectively. If there is a 
layer of water 0:1 mm thick at each end, calculate the 
, temperature gradient in the bar and the temperature of 
the two ends of the bar. Thermal conductivities of copper 
and water are 1:04 and 0:0014 cgs units respectively, 
(Combridge) [1:542°Cjcm, 11-46°C, 88°54°C] 
54, Three rods of equal length L cm and equal areas of cross- 
section S cm? are joined in series. The thermal conduc- 
tivities of the materials are k, 2kand 15kcgs unit. If 
the open end of the first and last rods are at 200°C and 
18°C, calculate the temperature at the two junctions and 
rate of flow of heat through the system neglecting radiation 
losses. (Rajasthan ’75), [74°C, 11°6C, 84 ks/L] 
‘55S, Calculate approximately the heat passing per hour through 
the walls and windows of a room 5 by 5 by 5 metre, if 
© the ‘walls are’ of bricks of thickness 30 cm and have 
“ ‘windows of glass 3 mm thick and total area 5 m2, The 
a ` temperature of the room is 30°C below that of the outside 
4 and the thermal conductivity of the bricks and of the glass 
are respectively 12x 1074 and 25% 1074 cgs unit, (Agra) 
[49:104 x 10-6 cal] 
56, A boiler is made of a copper plate 2:4 mm thick coated 
inside with a layer of tin 0:2 mm thick, Surface area 
exposed to hot gases at 700°C is 100 cm3, Calculate the 
maximum amount of steam that Could be raised per hour 
at atmospheric pressure, Conductivities of copper and 
tin are 0.9 and 0.15 cgs unit respectively ; Latent heat 
of steam at normal pressure is 540 calg-1. (A-M.LE.) 


[108 g] 
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57, 


58, 


60, 


‘61. 


62. 


The temperature. gradient in the earth’s crust is 42°C per 
km and the mean conductivity of the rocks is 0'008 cgs. 
unit, Taking the radius of the earth as 6000 km, 
calculate the daily loss of heat by the earth, (Gujrat 
Univ.) [1009 x 102° cal.] 
A Slab of compressed cork 5 cm thick and 2 m? area has 
a heating coil at oneface, A current of 1:18 amp at 20 
volt passes in the coil, The face of the slab attain steady 
temperature of 12°5°C and 0°C. Assuming that the whole 
of the heat developed in the coil is conducted through the 
slab, calculate the conductivity of cork. (Punjab Univ.) 
[1:12 x 10-* cgs unit.] 
An ice box built of wood 1,75 cm thick, lined with cork 
3 cm thick. If the temperature of the inner surface of the 
cork is 0°C and that of the outer surface of wood 12°C, 
what is the temperature of the interface 7 Thermal con- 
ductivity of wood=0'0006 and that of cork=0'000012 
cgs unit. [10-75°C] 
A person has covered his body with a flannel shirt 4 mm 
thick, If the outside temperature and body temperature 
be 27°C and 98°6°F, how much heat will he lose per hour 
per m? of his body ? Thermal conductivity of flannel= 
0:00012 cgs unit, (J.EE. °74)-[101 x 108, cal,] 
Assume that the thermal conductivity of copper ' is four 
times that of brass, Two rods of copper and brass 
having the same length and cross-section are joined end to 
end, The free end of the copper rod is kept at 0C and 
free end of the brass rod is kept at 100°C. Calculate the 
temperature of the junction of the two rods at equilibrium. 
Neglect radiation loss. (LLT. ’70) [20°C] 
A closed cubical box made of a perfectly insulating 
material has walls of thickness 8 cm and the only way for 
heat to enter or leave the box is through two solid 
cylindrical metallic plugs, each of cross-sectional area 12 
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63, 


65, 
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cm? and length 8 cm fixed in the opposite walls of the 
box, The outer surface A of one plug is kept at 100°C 
while the outer surface B of the other plug is maintained 
at 4°C. The conductivity of A and B is 05 cgs unit. 
A‘ source of energy generating 36 cal s-t is enclosed inside 
the box. Find the equilibrium temperature of the inner 
surface of the box assuming that it is the same at all points 
onthe inner surface, (LIT. ?72) [76°C] 


A copper block consisting a resistance coil is suspended in 
vacuum by two wires 20 cm long and 1:0 mm in diameter, 
To maintain the temperature of the block at 40°C above 
the other end of the Suspension, a power of 0:084 watt 
must be dissipated in the coil. Calculate the co-efficient 
of thermal conductivity of the material of the suspension 
wire. Neglect the energy transferred by radiations. 
(Cambridge), [0°6366 cgs unit} 


A copper calorimeter with a Copper heating element fitted 
inside weighs 300 g, It is filled to a certain mark with 
200 g of aliquid, With 41 watt electrical input to the 
heater, the temperature rises from 20°C to 45°C in 10 
minutes, When 140g of the liquid is replaced by 1250 
g of copper rivets such that the liquid level remains the 


: Same and the calorimeter heater is Supplied with the same 


electrical input as before, the temperature rises from 20°C 
to 45°C in 9 minute 5 Second, It is found steady tem- 
perature of 45°C can be maintained in either case with an 
electrical input of 2 watt, The room temperature 
remaining constant at 20°C throughout the experiments, 
Calculate the specific heats of (i) copper and (ii) the 
liquid, ELE. ’80) [0:095, 1:0] 
Calculate the maximum amount of heat which may be 


lost per second by radiation by a sphere 10 cm in 
diameter at a temperature of 227°C, when placed in an 
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68. 
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enclosure at 27°C. (Stefan’s constant e=5'7 x 10-12 watt 
cm-2 °C-4), (Allahabao), [52 02 cal s~1.] 
How, much faster does a cup of tea cool one degree from 
100°C than from 30°C ina room at 20°C 7 [11:2 times] 
Luminosity of Rigel Star in Orion consteuation is 17,000 
times that of our sun. Ifthe surface temperature of the 
sun is 6000°K, calculate the temperature of the Star, 
(Punjab Univ.) [68520°K] 
If each cm? of the sun’s surface radiates energy at the rate 
of 1:>x10% cals-* cm-2 and Stefan’s constant is 5'7 x 
10-5 erg s-t cm~? degree absolute~*, calculate the tem- 
perature of the sun’s surface in degree celsius, assuming 
that Stefan’s law applies to the radiation., (London Inte:) 
[5392°C] 
A black body with an initial temperature of 300°C is 
allowed to cool inside an evacuated enclosure surrounded 
by melting ice at the rate of 0'35°C per second. If the 
mass, sp. heat and surface area of the body are 32g, 0-10 
and 8 cm? respectively, calculate the Stefan’s constant, 
(5:7 10-5 erg cm~? s~* degree~*] 
Estimate the value of the Stefan’s constant if the tempera- 
ture of the filament of a 40 watt tungsten lamp is 2170°C 
and the effective surface area of the filament is 066 cm®, 
You are to assume that the energy radiated is 0,31 of that 
from a black body in similar conditions and that any effect 
due to radiation from the glass envelope is negligible. 
(London Univ.) [5'497 x 10-* erg cm~? s7t k~*), 


IV-10 (Heat and work) 


Essay type questions £ 
What arguments would you offer to show that heat is a 
form of energy? What is your idea of the nature of 


heat f, 
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Explain the term mechanical equivalent of heat, Describe 
Joule’s experiment for the determination of this quantity, 
How much is a calorie equivalent to in erg ? 

When heat is added toa body a part of it will increase 
the internal energy of the body and a part may do external 
work, Express the result in mathematical symbols, 
explaining what the positive or negative sign of a symbol 
would mean, Illustrate the equation with an example, 
Explain what is meant by the first law of thermodynamics, 
Explain what you understand by (i) isothermal expansions, 
(ii) adiabatic expansion of a gas. How can adiabatic 
expansion be practically realized ? 

Define the specific heat of a gas at constant pressure (C,) 
and that at constant volume (c,), Explain why they are 
different. Which is bigger and why p 


Short answer type questions : 

‘Heat is energy in transit due to temperature difference’— 
comment, 

‘The joule can serye-as the unit of heat ; it is unnecessary 
to introduce the calorie-—comment, 

What do you mean by the statement that the mechanical 
equivalent of heat is 4:2 joule/cal ? 

Sparks are produced when cutleries are sharpened. Where 
does the heat come from ? 

Give two examples where mechanical energy is converted 
into heat, 

What is meant by the internal energy of a gas ? 

Why there are two sp, heats of gases 2 

What is the importance of ratio of two sp. heats of a 
gas 7 

Isothermal change is essentially a very slow process but 


‘adiabatic change is essentially a very fast one—Explain, 


Why rubbing generate heat > 
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If you hammer a bod¥, it gets heated — Why ? 

Why the rushing air from a bursting tyre cold ? 

There is a difference of temperature of water at the top- 
and at the bottom of a waterfall. Why this differnce ? 
When air is pumped into a tyre, the pump is heated. 
Why? 


Numerical Problems + 


In a determination of Joule’s constant two 10 kg weight 
are allowed to fall 20 times through a height of 3m, This 
increases the temperature of the calorimeter by 0'4°C, the 
water equivalent of the calorimeter and its contents being 
7 kg, Calculate the value of J from these data. 

‘ [4:2 10? erg cal-*] 
From what height must 100 g of copper (sp. heat=0'1) fall 
so that. its temperature may rise by 1°C 7 Assume that 


all the energy is retained by the’copper. J=42 J cal~! 
[About 43 m] 


A glass tube, 1 mm long, is closed at both ends, It contains 
250 g of lead shots and 4 litre of water. ‘The tube is set up 
vertically and is then suddenly inverted, How many times 
must this be done so that the temperature of the water may 
rise by 1°C. Ignore effects due to buoyancy of lead shots 


and the heat that goes into: the lead’ shots and the glass 
tube. [1723 times] 


A lead shot hits a rigid target and increases in temperature- 
by 200°C. It the entire energy is retained by the shot 
what was its velocity? Sp. heat of lead=0,03, 

[224:5 ms“?] 
A body weighing 10 kg. drops from a height of 1 km. 
If its potential energy is fully converted into heat, how 


many calories will be generated ? J==4:2J cat 
z i f 233x 104cal J. 
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A lead shot moving with à speed of 336 ms~' hits a 
target, If 75% of the kinetic energy is converted into 
heat in the shot, what will be its temperature rise? J= 
42x 107 erg cal-1, sp. heat of lead =0-03, [ 336 C°] 
In an experiment for determining J,a card board tube, 
1 m long and containing 800 g of lead shots, is inverted 
50 times, The temperature of the shots is found to have 
increased by 28.84 C°, sp. heat of lead is 0:031 and g=980 
cm s8, Assuming that the heat generated has been fully 
retained by the shots, calculate the value of J, 

3 [ 4.12% 107erg cal-1] 
A water fall is 300 m high, If 50%, of the potential energy 
is converted into heat and retained by the water, what is 
the temperature difference between the water at the top 
and the bottom, J=4:2 J cal-1 [058°C ] 
Calculate the change in the internal energy when 5 g of air 
are heated from 0°C to 2°C, the sp, heat of air at constant 
volume being 0°172 cal DAC, (Agra) [7:19 x 107 erg.] 
One gram of water (1 cm8) becomes 1671 cm? of steam 
when boiled at a pressure of one atmosphere, The latent 
heat of vaporization at this Pressure is 540 cal g-1, 
Compute the external work and the increase in internal 
energy. [ 41 cal, 499 cal ] 
An electric drill rated at 240 V, I'S Ais used to drill a hole 
in a piece of iron weighing 200 g, Assuming that 75%, 
of the total energy heats the iron, calculate the rise in 
temperature in 15 second, Sp, heat capacity of iron 0-47 
x 10% J kg-1deg C-1 [ 44°C ] 
A fire hose with an outlet diameter of 4 cm delivers one 
cubic meter of water in 16 Seconds, The jet is directed 
against a rigid wall. Calculate the rise in temperature of 
the water assuming that all the Kinetic energy of the fet is 


` converted into heat which is retained in the water, Density 


—e 
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36. 


37, 


38. 


39, 


: EXERCISES 249 


of water==1000kg m-*, sp, heat capacity of water=4:2 
x 108J/kg deg C. [029C] 
A man rapidly ascends a flight of stairs spending half of 
his energy in the ascent, the remaining half transformed 
into heat energy. Ifthe man ascends through 60:96 m, 
find the increase of his body temperature. The sp-heat 


of the man may be taken to be equal to that of water, 
[ 9.071°C ] 


A 200 ton train has its speed reduced from 30 to 20 mph 
in 30 second. It the work done is completely transformed 


into heat, find the amount of heat produced. 
[9677:23 B Th U ] 


Calculute the value ofJ, if the sp. heat capacity of air 
at constant pressure is 0'239 and the density of air at 
N. T. P, is 00013 g 1-1, Given y=1.40. 
{ 4:198 x 107 erg cal-*] 
Calculate the sp. heat capacity of air at constant volume 
given that the sp. heat capacity at constant pressure 
is 0:23, density of air at N, T. P, is 1:293 g 1-1 and Jex4:2 
x10 * erg cal-'. 
If the two sp, heat capacities of a gas C, and C, are 
respectively 0:2375 and 0:1690 cal, calculate the value of 
J. Given that 1 cm® of the gas at N. T, P, weighs 
000129 g and the atmospheric pressure= 1,013 x 10° dyn 
cm“3, [4:19 x 107erg cal-+] 
The sp. heat of argon at constant pressure is 0:12 and 
the sp, heat at constant volume is 0°08, Find the density of 
argon at N. T. P, Given J= 42x107 erg cal-4and normal 
atmospheric pressure=1 01 x 10% dyn cm~? 
[22x 10-8, cm-9] 
The volume of a certain gas, having a density of 0-00125 
g cm? under a pressure of 1 atmosphere and at a 
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temperature of 0°C, is 8 litre, 30 calories of heat are a 
required to raise the temperature of this gas to 15°C at || 
constant pressure. Find the 8p, heat of the gas at 
constant pressure and also at constant volume, (R = 2cal/C a 
+. mole) (LE.E?81) [ 5.6 and 3-6 cal/°C mole ] 
40, A gas is compressed from a volume of 20 litre to 10 litre 
by a constant pressure of 10% dyn per cm?, Calculate the 
heat developed, (J,E.E’82) [ 20°4 x 108cal I 
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Questions of H: S, Exam, 


from 1978 to 1986 


1978 
PHYSICS ( First Paper ) 
Answer any seven questions, of which at least three meee 
from each group. 
Group—A ' 

1. (a) State Newton’s second law of motion. Show how this 
law will give us a unit of force when the unit of mass is 1 kg and 
the unit of acceleration is 1 m/s". What is the name of this unit, 
of force ? 

(b) Express the weight of 1 kg in the MKS unit of force, 

(c) A train is moving along a straight track. Explain what 
would be the nature of its velocity time graph in the following 
cases— 

(i) It is moving with a uniform acceleration. 

(ii) Its acceleration is increasing. op OF 242 

2, (a) Define kinetic energy. Obtain an expression for it in, 
the case of a particle of mass m moving ‘with a velocity v 

(b) A body of mass 100g is let loose from a tower 100m high. 
Calculate the kinetic energy of the body (i) one second after 
release and (ii) when at the bottom of the tower. 

(c) A man rises in a lift carrying a bucket of water. 
Explain :— 

(i) if any work is done by the man on the bucket of water, 

(ii) ifthe energy of the bucket of water would remain. 
unaltered. t42 

3. (a) Explain what is meant by centripetal and centrifugal. 
forces. 

(b) Find an expression for the centripeta! force. 

(c) A cyclist is describing a circle of 20m radius at a speed 
of 18 km. per hour. What is his inclination to the vertical ? 
(Assume the rider and the cycle to be in one plane ) 24444 

i Or 

(a) What is meant by elasticity of matter and elastic limit ? 

Define and explain the different types of modulus of elasticity. 


2 


(b) A mass of 5 kg is suspended from a vertical wire 1 m long 
and of 1 mm radius, If the Young’s Modulus of the material of 
the wire be 2°010** dynes/cm*, find the length of the wire 
without load. 6+4 

4, (a) What do you mean by a second’s pendulum ? Calculate 
its length in cm. at a place where g=980cm/sec? i 
; (b) State and explain whether the time period of the pendulum 
will change in the following cases :—, 

(i) If a hollow bob is taken instead of a solid bob. 

(ii) If the hollow bob is partially filled. with water. 

(iii) If the pendulum is taken to the top of a mountain. 

(c) An artificial satellite revolves around the earth in a circular 
orbit at a height of 400 km above earth’s surface. Assuming 
tadius of earth to be 6000 km and value of g at earth’s su'face to 
be 980 cm/sec”, calculate the velocity of the satellite. 3+3+4 

~ 5. (a) Explain why a lump of iron (sp. gr. 7 8) sinks in water 
but floats in mercury (sp. gr. 13.6)? State the principle you will 
need for your explanation. ee Ste ; 

(b) Calculate the fraction of the total volume of the iron 
lump which will be under the mercury surface when floating 
in the latter. 

(c) State Pascal’s law in relation to the transmission of pressure 
in a liquid. 4+4+2 

6, (a) Show with the help of an experiment that the atmos- 
phere exerts pressure. : 

(b) ‘At acetain place the atmospheric pressure is equal to 
760 mm. of mercury’ What do you understand by the above 
statement ? Calculate the atmospheric pressure in -c g s. units. 
(Given g=930 c. g.s. units and density of mercury=13.6 gm/c.c. ) 

x (c) Explain briefly the working of a siphon. 3+443 
hg Group—B 

7. (a) Define ‘co-efficient of linéar expansion’ of a solid. 


© (b) Obtain the relation between the co-efficient of linear 
expansion and volume expansion of a solid. 


3 

(c) A steel scale is correct at 60°F, The length of a brass 
tod measured by it at 50°C is found to be 15m. Find out ithe» 
true length of the rod at 50°C (linear expansion coefficient of . 
steel=11°2 x 107° per’C ) ; 2+44+4 

8 (a) , Explain what is meant by apparent and real expansion 

ofa liquid. Which co-efficient of a liquid is determined by a 
weight thermometer ? 

(b) Describe the method. 

(c) How does fish live in a frozen lake f 4+5+1 

Or, (a) What do you mean by ‘natural vibration’ and ‘forced 
vibration’? (b) Distinguish between ‘forced vibration’ and 
‘resonance’. (c) Why orders are given to soldiers to break steps 
while crossing a suspension bridge? (d) What is the utility 
of the hollow box of a violin ? 2+4+2+2 

9. (a) What do you understand by the thermal capacity 
ofa body? How does it differ from the water equivalent of 


the body ? 

(b) An alloy contains 60% copper and 40% nickel. A piece 
of the alloy weighing 50g is heated to 80°C and is dropped into a 
calorimeter of water equivalent 10g. The calorimeter contained 
90g of water at 10°C, Find the final temperature of the mixture. 

(Sp. ht. of copper=0'09 and sp. ht. of nickel=0°11) 

(c) What part does the specific heat of water play in causing 
the sea-breeze ? 3+5+2 

10. (a) Explain why the specific heat of a gas a 
Pressure is greater than that at constant volume. 

(b) A tube of heat insulating material, closed at both ends, 
contains 800g of lead shots. The tube is 1m long and is held 


vertically. It is then suddenly inverted so that the lead shots fall 


to the other end. After 50 such inversion the temperature of the 


lead shots is found to rise by 389°C. Assuming that the whole of 

the heat generated remains within the lead shots, calculate the 

mechanical equivalent of heat. (Sp. ht. of lead=0'03) 
(©) What is the first law of thermodynamics ? 


t constant 


3+5+3 
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11. (a) State the fundamental assumptions in kinetic theory 


of gases. 
(b) Discuss the pressure of a gas and the concept of tempera- 


ture any to kinetic theory. 


(a) What is Laplace’s correction of Newton’s formula ` 


’ for Ha velocity of sound inagas? Why was the correction 
necessary ? 

(b) Discuss the characteristics of a musical sound. On what 
factors does the quality of a musical sound depend ? 5+5 

12. (a) Define the following terms in connection with wave 
motion :— 

(1) Waye-length. 

(ii) Frequency. 

(ii) Amplitude. 


(b) What is a stationary wave ? Describe a simple experiment ; 


to demonstrate the formation of stationary waves. 


(c) Discuss the formation of beats. 3+4+3 


y 


1979 
FIRST PAPER 


( Answer any seven questions of which at least three must 
be from each group. ) 
: Group—A j 

1. (a) Whatis meant by relative velocity ? Two particles 
moving with velocities u and 2u are inclined at an angle 60°. Find 
the relative velocity of one with respect to the other. 

(b) During the rains, the rain drops falling vertically appear 
to come down obliquely to a person sittingin a running train. 
Explain. 2+6+2 

2. (a). Define momentum and impulse and state the principle 
of conservation of linear momentum. 

(b) State/and explain Newton’s third law of motion. 

(c) A8gm bullet is shot from.a5 kg gun witha speed of 
400 m/sec. Find the velocity of recoil of the gun. 34443 

3. Explain the terms ‘kinetic energy’ and ‘potential energy’. 
State the principle of conservation of energy and prove it for 
bodies falling freely under gravity. 

Water is being taised from a well to a height of 25 ft by means 
of a 5 H. P. motor-pump. If the efficiency of the pump be 80%, 
how many gallons of water will be raised rer minute (1 gallon of 
water weighs 10 Ib, g=32.2 ft/sec ). 24543 

4, State and’explain Newton's law of Gravitation. 

What is meant by acceleration due to gravity ? How does it 
vary with the alitude above sea-level and latitude of a place ? 

The mass of the earth is 80 times that of the moon while its 


radius is four times that of moon. By what ratio will the weight 


of a body be reduced on the mson ? 24543 


5, Either 
Define ‘angular velocity’ ‘angular acceleration’, ‘angular 


momentum’ and ‘torque’. How is the torque telated to the angular 
acceleration? Explain the principle of conservation of angular 
momentum with suitable examples. 1+3 
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Or 

(a) Describe a laboratory method for the determination of 
Young’s modulus of elasticity of the material in the form of a wire. 

(b) Explain and define surface tension of a liquid. How 
does it depend:on temperature ? j 

Explain the following :— 

(i) Small drops‘of mercury are spherical in shape. 

(ii) Kerosene oil rises along the wick of a lamp. 5+5 

6.. State and explain Archemedes’ principle. Does it hold 
in a satellite moving in a circular orbit around: the earth? 
Explain. 

How can you use Archemedes’ principle to determine the 

“proportion of two pure metals in a piece of their alloy? . 

A hollow spherical ball of a material of density 3.1 gm/c. c. is 
found to float in a liquid of density 1.5 gm/c.c. just fully 
immersed. If the external diameter of the ball be 10 cm., find the 
internal diameter of the ball. 4+3+3 


Group—B 

7. Either 

(a) What is the co-efficient te teal expansion of a liquid ? The 
heights of the mercury columns in equilibrium in the two vertical 
limbs,of a U-tube kept at 0°C and 100°C respectively are 76°35 
cms and and 75 cms respectively. Calcule the ccefficient.of real 
expansion of mercury. 

(b) How will you demonstrate the anomalous expansion of 


water ? > 6+4 
Or 


(a) What is meant by simple harmonic motion (S. H.M.) ? 
State the conditions under which a particle will execute S. H. M. 

(b) Explain the terms ‘amplitude’, ‘phase’ and ‘period of an 
S. H. M. : 

(c) Describe an arrangement for measuring the velocity of 
sound i in air by producing resonance between a tuning: fork and an 
air column. A 5 3+ 3t 4 
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8. Describe a laboratory method of determining the specific 
heat of a solid insolube in water. Does the relation “heat lost= 
heat gained” hold if the solid and the liquid in the calorimeter react 
chemically ? Explain. 

How much. heat is required to convert 5 gms of ice at —10°C 
to steam at 100°C? (Specific heat of ice=05, Latent heat of ice 
=80 cals/gm ; Latent heat of steam=540 cals/gm. ) 54243 

9. State ‘The first law of Thermodynamics’. What is meant 
by mechanical equivalent of heat? Describe: a method for the 
determination of mechanical equivalent of heat. 

The mechatical equivalent of ‘heat is 4°2 Joules per calorie, 
Express the same in F. P. S: system. 24+14+5+2 

[ 1 kg=2°2 lb and 1 inch=2'54 cm ] ( 

10. Define co-efficient of thermal conductivity. Describe an 
experiment to compare the thermal conductivities of copper, 
iron and brass given in the form of rods of equal cross-sections. . 

Why do we feel warmer at night if the sky is cloudy ? id 
24642 

11. Define ‘Dew point’ and Relative humidity’ and describe. 
a method by which ‘Dew point’ may be determined. 

(i) What. will be effect on dew point if a quantity of water 
is sprinkled inside a closed room ? Explain. 

(ii) In determining the ‘boiling point of a liquid, the bulb of a, 


thermometer is not kept immersed in the liquid. Explain why ? 
2444242 


12, What. is. meant by Brownian motion? Describe the 


characteristics of such motion. 
What do you understand by R. 
limitation of ideal gas laws. 


M. S. velocity ? Discuss the 
5+5 


What is the difference between a sound wave and a light-wave ? 


e of sound wave with illustrations. A stone is 


Discuss the naturi 
dropped from the top ofa tower and the sound is heard 44 sec 


later. Find the height of the tower. [Velocity of sound in air= 
1000 ft/sec and acceleration due to gravity=32 ftlsec™], 2+5+3 


1980 
PHYSICS ( Paper I ) 


Answer any seven questions of whicb at least three must be from 
each Group. 

Group A 

L (a) Obtain the equation s=ut+4ft* graphically, where u, 
fys and t have usual meanings. 

(b) A train, travelling with a speed of 36 ft per ‘sec. is 
subjected to a uniform retardation of 2 ft/sec? How far would 
the train move before coming to a stop ? 

(c) State the principle of conservation of linear momentum 
and obtain it from Newton’s third law of m tion. . 

2. (a) State the laws of static friction. Define co-efficient of 

static friction. Obtain a relation between the angle of repose and 
the co-efficient of friction. 
Ci (b) “A body of mass 50 gms. rests on a rough horizontal table. 
Minimum horizontal force of 20 gm-wt. is necessary to set the 
body in motion along the surface of the table. What is the value 
of coefficient of static friction between the body and the table? 

(c) Can you walk freely on a frozen lake ? Justify your 
answer. 

3.(a) Define: work and power. State their units inC G. S. 
and F. P:S. systems. 

(b) Deduce the expression for the kinetic energy of a body of 
mass m moving with the velocity u 

(c) “The ‘power of an engine is 10 H: P.”—What is the 
Meaning of the statement ? 

(d) Aman weighing 120 Ibs. can climb the top of a tower 


220 ft. high'in 4 mins. Calculate the power of the man in horse- 
power. 


4. (a) What do you: mean by normal atmospheric pressure 


in C. G; S. unit, when g—980 cmlse-* and density of mercury is’ 


13°6 ‘gms/c.c, . 
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(c) What will you conclude if you observe = 

(i) that the height of mercury in the barometer rises steadily ? 

Gi) that the height of mercury in the barometer drops 
suddenly ? 

(d) It is required to transfer a liquid of sp gravity 0°8 over an 
obstacle by means of a siphon. What must be the limiting height 
of the obstacle which will render siphoning possible when the 
atmospheric: pressure is 30 inches of mercury of sp. gr. 13°6 ? 

5. (a) State and explain Pascal’s Law. 

(b) Explain the principle of action of a hydraulic prezs. 

(c) The diameter of the smaller piston of a hydraulic press is 
2" and of the larger piston is 18". Ifa thrust of 16,200 Ibs. is to 
be developed on the larger piston, how much force should be 
applied to the smaller piston ? ` 

6 (a) What do you mean by tensile stress and tensile strain ? “ 

(b) State Hooke’s law of elasticity. Define Young’s modulus 
of elasticity and Poisson’s ratio. What'is elastic limit ? 

(c) Which is more elastic—steel or diamond ? Justify your 

answer. 
(a) If a 10 kgm. wt. is suspended at one end of a steel wire of 
length 5 metres, the elongation of the wire becomes 5mm. If the 
Young's modulus of steel be 9°8x 1022 dynes/cm*, calculate the 
cross-section of the wire [g=980 cm/sec”). 

Or, Centripetal force is a real force and centrifugal force is a 
‘pseudo’ force. Justify the statement. 

How does the earth’s rotation affect the weight of a body at 
the equator ? 

A body weighing 70 gms. is tied at the end of a string 20 cm. 
long. The other end of the string isheld by hand and rotated 
ina circle 10 times per sec- with uniform angular velocity. 
Calculate the centrifugal force on the body. 

: Group—B ~ 

7, (a) Distinguish between heat and temperature. 

(b) Obtain the temperature for which readings for both 
Celsius and Fahrenheit thermometers will be the same. 
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(c) What do you mean by Absolute Zero of temperature f 
What is its value in Celsius and Fahrenheit scales of tempera- 
ture? 

(d) The volume of a given mass of gas at 47°C is 640 c.c. when 
the pressure is 75 cm. of mercury. At what temperature will the 
Pressure of the gas be doubled if the gas be heated keeping the 
volume constant ? i 


8. (a) Define 3 Calorie, water- equivalent, sp. heat and 
thermal capcity. i 
(b) . You are provided. with a thermometer which can read 
from 0°C to 100°C. Explain how with the help of this thermometer 
you ¢an measure the temperature of a furnace whose temperature 
is 2000°C. A 5 
(c) 20 gms, of ice at 10°C is added to 270 gms. of water at 
30°C contained in a copper calorimeter of mass 300 gms. Calculate 
the final temperature, 
Sp: heat of copper=0°1 ; Sp. heat of ice=0'5. 
Latent heat of fusion of ice=80 cals/gm. 


9. (a) What are the fundamental assumptions of kinetic 
theory of gas ? 

(b) Explain the pressure and temperature of an ideal gas in 
the light of kinetic theory. 

; Or, (a) Assuming Newton’s Formula for the velocity of sound 
obtain Laplace’s correction. 

(b) Discuss the characteristics of musical sound. On what 
factors do they depend ? 

(c) What is interference of light ? State the conditions under 
which it can be produced, 

10, (a) What is mechanical equivalent of heat? Give two 
examples of the conversion of mechanical work into heat. 

(d) The height of a water-fall is 200 metres. What will be 
the difference of temperature of water at the top and bottom of 
the water-fall’? 

[ g=980 cm/sec’, J=42 joules/cal J. 
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(c) Define thermal coductivity. If a block of copper of cross- 
section 100 sq cm. and thickness 5 cm. be heated such that the 
difference of temperatures between the two oppposite faces is 5G, 
calculate the amount of heat flowing between the opposite faces 
in 5 mins. if the conductivity of copper be 09C.G.S. unit. 

11. (a) What do you mean by absolute humidity, relative 
humidity and dew point ? 

(b) What would be the condition of the atmosphere if the 
room temperature is equal to the dew-point ? 

(c) The temperature of a room is increased. What will be its 
effect on the dew-point and the relative humidity ? 

(d) Although the room temperature inthe winter season is 


much less, wet clothes dry up much quicker in the winter than in 


the rainy season. Why? 

(e) Ona certain day the temperature of the room is 25°C 
and the dew-point is 12°C. The aqueous tensions at 12°C, 25°C and 
26°C are respectively 10°50 mm, 2373 mm. and 251 mm of 
mercury. Calculate the relative humidity. 

12, (a) Distinguish between transverse and longitudinal 


vibrations, giving examples. 
(b) Explain what is meant by 
When ís resonance observed ? Give an example of it. 
(© Draw a diagram showing the pattern of the first three 
hed string fixed at both ends, showing í 


free and forced vibrations. 


modes of:vibration-of a strete 
the positions of the nodes and the antinodes. 
Or, Distinguish between real and apparent exp 
and obtain a relation between them. 
Discuss the effect anomalous expansion 
Ifa glass flask has a volume of 2 litres at 30°C, calculate 


the increase in volume when the temperature trises to 50°C. 
The coefficient of linear expansion of glass is 8X 10-® per degree C- 


ansion of a liquid 


of water on marine life. 


PHYSICS—First Paper ( 1981 ) 
Group—A 


Answer the following questions 

1. (a) State the laws of static friction. 

(b) Friction is useful in some ways but it is wasteful in other 
‘ways,—Discuss. 

(c) A man holds a book weighing 2 lb wt between his hands 

_ and keeps it from falling by pressing both hands against the book 
with force of 5 Ib wt each. Find the coefficient of friction between 
the book end the hand. 

Or, (a) Prove that for a uniformly accelerated particle »*=u* 
+2fs, where the symbols have their usual significance. 

(b) A particle with initial velocity 10 cm/sec attains a velocity 

“of 20 cmisec after travelling a distance “of 50 cm with constant 
acceleration. Find its acceleration. 

(©) A train with initial velocity 30 miles per hour applies 
brakes and creates a retardation of 2ft/sec*. When will the 
train stop ? 

2. (a) Define kinetic energy, 

(b) A body of mass 1kg is let fall from a tower 100 metres 
high. Calculate the kinetic energy of the body—(i)one-second 
after its release and (ii) when at the bottom of the tower. 

(c) A man rises in a lift catrying a box. Explain if any work 
is done by the man on the box, 

Or, (a) Define centre of mass and centre of gravity, 

(b) State the conditions of equilibrium of three forces. 

(c) A body of mass 2kg and: another of 5 kg are. placed at 
the ends of a rod of length 10cm. Find the position of balance 

neglecting the weight of the rod. 
Group—B 
Answer any two questions 
3. (a) State Newton’s law of universal gravitation. 


(b) What is the unit of universal gravitational constant in 
‘C.G.S. system ? 
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(©) -An atificial satellite revolves round the centre of the earth 
in a esrcular orbit at a height of 400 km above the surface of the.. 
earth, Assuming the radius of the earth to, be 6000 km and value 
of ‘g’ at the earth surface to be 980 cm/sec” calculate the velocity, 
of the satellite. 

4, (a); Explain what is meant by elasticity of matter. 

(b) Define rigidity modulus and Poisson’s ratio. 

(c) A mass of 10 kg is suspended from a vertical wire 
of radius 1 mm.. The length of the wire becomes 1 metre. 
If Young’s modulus of the material of the wire 2.0 x 10°? dynes/cm*, 
find the length of the wire without load. 

5, (a) State the laws of simple pendulum. ; 

(b) A pendulum of lenght ‘ loses 5 seconds a day. By how , 
much should its length be shortened to keep correct time? 
(Given g=981 cm|sec*) 

(c) A hollow sphere is filled with water and is hung by a long 
thread. A small holeis made at the bottom of the sphere and 
water flows out slowly through the hole. Itis observed that the , 
period of oscillation of the sphere first increases then decreases. 
Explain. 

6. (a) Describe an experiment to show that liquids exert 
pressure in all directions. 4 

(b) ‘A floating body apparently weighs nothing’—Explain. 

(c) A faulty barometer reads 28 inches and 30 inches when a 
true barometer reads 28.5 inches and 31 inches respectively. Find . 


the reading of the true barometer when the faulty barometer reads 
29 inches. 
Group—C 
Answer any two questions 
7. (a) Establish the relation connecting the different ther- 


` mometric scales that are in general use. 


(b) A faulty thermometer reads 5°C in melting ice and 99°C 
in dry steam. Find the correct temperature in Centigrade scale 
when the faulty thrmometer reads 52°C. 
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(c) What are’ the’ advantages of using mercury as-a ther- 
mometric substance ? 

8. (a) Define cbefficient of linear expansion. Show ‘that it 
does not depend on the unit of length but depends upon the scale 
of temperature. 

(b) Coefficient of linear expansion of brass is 19x 1078/°C. 
‘What is its value in Fahrenheit scale ? 

(ce) Two metal rods, A and B; differin” length by 25 cm. 
whatever be the change in temperature. If the coefficients of 
linear expansion are 1°28 x 10-5/°C and 1°92 x 1079/°C. respectively, 
find the lengths of A and B. 

9. (a) Define latent heat of fusion’ of a solid and latent heat 
of vaporisation of a liquid. 

* (6) What is regelation ? Describe an experiment to demonstrate 

, tegelation. 

*(c) 100 gms of ice at 0°C is added to 100 gms of water at 
40°C. Find the common temperature and the final contents at the 
common temperature. 

10, (a) State the first law of Thermodynamics. 

(b) What is meant by mechanical equivalent of heat ? 

“(c) Describe a method for the deterinination of mechanical 
equivalent of heat. 

(d) A'mass of 1 kg. falls from a height of 1 km to the ground. 
If all the energy is converted into heat, find the quantity of heat 
developed. J=41%107 erg/cal. 

Group—D 
Answer any one question 

11. (a) Define simple harmonic motion. 

(b) Establish the equation of a simple harmonic motion. 

(c) Find the resultant of superposition of two co-linear simple 
harmonic motions of same period „and phase butof different 
amplitudes, _ 

‘@ A Bde h is moving in a straight line with shm. Its 
-velocities are 4 ft/sec. and 3 ft/sec. when i its distances are 2 ft and 
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3 ft. respectively from its mean position of motion. Find its 
amplitude and time period. i . 

Or, (a) Explain progressive and stationary waves. 

(b) State the characteristics of progressive and stationary 
waves. 

(c) The resonant length ọbtained in an experimept with 
resonance column tube is 27 cm. with a tuning fork of frequency 
300. If velocity of sound in air is 330 metres per szc, find the 
second resonant length. P 

(d) Two tuning forks, when sounded together, produce 4 beats 
par.second. Is the frequecy of one of them be 256, find the possible 
frequency of the other. ji f 

12. (a) State the laws of transverse vibration of a stretched 
string. ; 

(©) Describe how sou would verify the above laws. 

(c) A sonometer wire emits a note of frequency 150. What 
will be the frequency of the note emitted by the same wire, if the 
tension is increased in the ratio of 9 :,16 and the length is doubled ? 

Or, (a) What is Laplace’s correction of Newton’s formula for 
velocity of sound ina gas ? Why was the correction necessary ? 

(b) How does the velocity of sound ina gas depend on 


pressure ahd temperature ? Give reasons in, support, of your 


statements. i } 
«(© Define—fundamental tone, overtone and harmonics. 
. (d) A gun'is fired from an aeroplane travelling horizontally 


at 120 miles per hour and the echo from the ground is heard after 
eaeroplane, if velocity of sound 


3 seconds. Find the height of th 
be, 1120 ft/sec. . ; 

.(c) A person gets a 
by boiling water. Why? t 

į (d) A vessel of water requivalent 5 gm. contains 55 gm. of water 
at 20°C. 25 gm.of ice at 0°C is, dropped into ite What will be 
the composition of the contents .of the calorimeter and the 


temperature in the final mixture ? [Latent heat of ice=80 


cals/gm. | 


more severe burn by steam at 100°C than 
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9. (a) Define thermal conductivity and state its unit in the; 
c.g system. ee 

(b) The area of the glass window of a room is 2 sq. metres. 
The temperatures inside and outside the room are respectively 
20°C and 5°C. The thickness of glass is 3 millimetres. How 
much heat will pass through the closed window per second ? 
[ Thermal conductivity of ‘glass ="0012 c.g.s. unit ] 

(c). An iron and a wooden chair are kept in thesun. Why 
does the iron chair appear hotter ? 

(d) State with reasons what should be the nature of the bottom 
of a cooking vessel—smooth, rough, black or white. 

10. (a) What are the basic assumptions underlying the 
kinetic theory of ideal gases? Calculate the r.m. s. velocity of 
nitrogen mokcules at 0°C. Density of nitrogen at S.T.P. 1'25 
gmilitre. Density of mercury=13'6 gm/c.c. 

(b) The water of a waterfall drops from a height of 50 metres. 
If 75% of its energy is converted to heat and absorbed by the water 
by how much does the water rise in temperature? [J=42x 107 
ergs per calorie ; g=9'8 metres/sec*.] 

Group—D 
Answer any one question from this group, 

11. (a) What is meant by simple harmonic motion? Define 
amplitude and period of a simple harmonic motion. 

(b) The equation of motion of a body executing simple 
harmonic motion is given by y=2 sin 40% tcm. What are its 
amplitude, period of oscillation and acceleration at the maximum 
displacement of the oscillation. 

(c) Prove that for a body executing a simple harmonic motion, 
the sum of the potential and kinetic energies at any instant isa 
constant. 

(d) Explain with examples what you mean by forced and 
resonant vibrations. 

12. (a) How are stationary waves formed? Give suitable: 
examples, one each, of stationary longicudinal and transverse waves. 
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(b) Explain with a diagram what you mean by nodes and 


antinodes. 

(©) Deduce the relation between velocity and wavelength of 
a wave. 

(d) A wind pipe 50 centimetres long and open at both ends 
is vibrating at resonance with a tuning-fork. Ifthe velocity of 
sound in air is 350 metres/sec, what is the frequency of the 
tuning-fork ? 

(e) Two wires of the same sample (having same mass per 
unit length ) are stretched on a sonometet. One is twice as long 
as the other. But they are resonating with each other. Compare 


their tensions. 


Question—2 


PHYSICS—( First Paper ) 1982 


Group—A 
Answer any two questions. 
1. (a) State Newton’s Second Law of motion. 2 
(b) From this law deduce the formula P=mf, the symbols 
having their usual meaning. 3 
(c) Define the M.K.S unit of force. 1 


(d) A car weighing 100 kg is moving with a velocity of 2 
metres per sec. What force must be applied to stop it within a 


distance of 10 metres ? 2 
Or, (a) State the law of conservation of linear momentum 
for perfectly elastic bodies. P 2 
(b) Why does a gun exert a backward push when a bullet 
leaves the gun ? 2 


(c) A gun carriage weighs 500kg. A shot of mass 10 kg 
leaves it with a velocity of 20 metres per sec. Ifthe frictional 
force of the earth is one-tenth of the weight of the carriage, then 
how far will the carriage recoil ? 4 

2. (a) Why is a centripetal force necessary to rotate a body in 
a uniform circular motion ? 

(b) Show that when a cyclist is going round a curved path 
of radius r with a velocity v, his body must become inclined to the 
vertical by an angle 0 where ten 0=y*/rg, g being the acceleration 
due to gravity. 2 

(c) A ball of mass 15 gm, tied toa peg with a 9cm. long 
thread is rotating uniformly round the peg ona horizontal smooth 
plane at the rate of 10 rotations per minute. The thread is always 
in a state of taut. What is the tension of the thread ? 


[ Take x*7=9'8 | 3 
Or, (a) Define watt and hotse-power. Show that 1 H.P=746°4 
_ Watts. 2+2 


(b) A boy of weight 20 kg carrying a box of weight 23 kg. 


climbed | the roof of a house 18 metres high in 1} minutes. At 
what rate did he do work ? 


19. 
Group—B 


Answer any two questians from this group. 

3. (a) What is acceleration due to gravity ? How is it related 
to the universal gravitational constant ? 

(b) Calculate the mass of the earth, given that its radius is 
6400 km. g=9'8 m/sec” and G=6'7% 107® c.g.s. unit. 

(c) Explain with diagram why and how the acceleration ‘due 
to gravity varies from place to place on the earth’s surface. 

(d) A piece of stone let fall from the top of a tower touches 


the ground after 5 seconds. What is the height of the tower? 


{ s=9'8 mlsec” ] 

4. (a) Define stress and strain of an elastic body. What are 
their units in the c. g. s» system ? 

(b) Justify the statement—Steel is more elastic than rubber. 

(c) Show graphically the nature of the load-extension curve 
of a solid. i 

(d) A source of 40 Newtons is required to elongate (within 
elastic limit ) a rope of radius 3'5 millimetres by zp th of its length. 
What is the Yaung’s modulus for the material of the rope ? 

5. (a) Why is it necessary to make the dam of a water 
reservoir thicker at the bottom than at the top ? 

(b) Things can be cut by the sharp edge ofa knife easily but 
cannot be cut by she blunt edge. Explain the reason. 

(c) What is the pressure at the bottom of a clear lake of water 
10 metres deep ? [Atmospheric pressure=76 cm. of mercury and 
density of mercury—13"6 gm. per: CC: ] 

(d) Does the rate of flow of a liquid through a syphon change 


if the barometric pressure is changed? Explain your answer. 


6. (a) State Archimedes’ principle. 

(b) State the conditions of flotation of a body. 

(c) A steamer weighs 10 metric tonne. When it enters into 
a sweet water lake from the sea, it displaces 50 litres more water. 
What is the density of the sea-water? [1 litre of water weighs 


1kg] 
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(d) A string supports a piece of iron weighing 160 gm. totally 
immersed in water. Ifthe specific gravity of iron be 8, calculate 
the tension-in'the string. [g=980 cm Isec*. J 


Group—C 
Answer any two questions from this group. 

7. (a) Explain with a diagram why two kinds of expansion 
namely, real and apparent expansions are mentioned in case of 
liquids. 

(b) Define the coefficients of real and apparent expansion of 
a liquid and deduce a relation between the two. Which of these 
is a characteristic of the liquid only ? 

(c) Coefficients of volume expansion of glass and mercuty 
are respectively 24x107" per °C and 1:8x107* per °C. What 
fraction of the inner volume of a glass vessel should be kept filled 
. with mercury so that the volume of the remaining inner space will 
be the same at all temperatures ? 

8 (a) Define (i) specific heat. (ii) latent heat of fusione 

- (b) What is the advantage of taking water as the hot substance 
in a hot water bottle ? 


1983 
PHYSICS ( 1st Paper ) 
Group—A 

Answer any two questions 
1. (a) State Newton’s laws of motion. Define, the unit of 
force from the second law of motion. 3+2 
(b) A mass of 10 kg is suspended from a string whose other 
end is held in hand ; find the tension in the string when (i) the 
hand is stationary, Gi) the hand is moved up with a uniform 
acceleration of 5 m/sec?, (iiü) the hand is moved down with a 
uniform acceleration of 5 mises? [g=98 m/sec” ] 3 
Or, Prove that a uniformly accelerated particle moves through 
a distance equal to ut3f (2t-1) in the tth second, where the 
symbols have their usual meanings. 3 
(b) A body moving with uniform acceleration covers 65 ft. in 


the 5th second and 105 ft. in the Oth second. Find the distance it 
sj 


will cover in 20 secs. 
ne joining the middle 


(c) Show by vector method that the li 


points of two adjacent sides of a triangle is parallel and half the 
third side. 2 
2 (a) What is the difference between—work done by a 
force’ and ‘work done against a force’ ? 1 
t is stationary with 


A manon a boat rowing against the curren 


reference to shore. Is he doing any work ? 1 
(b) Findan expression for the kinetic energy of a particle of 
2 


mass m moving ‘with velocity Y- 
(c) Prove that the sum of kinetic energy and potential energy 


is everywhere constant for a freely falling body. 3 
Or, (a) What do you mean by centripetal and centrifugal 
forces? Why is centrifugal force called a fictitious force ? 2+1 
(b) A stone of mass 4 Ib is rotated ina horizontal circle being 
tied at the end of a string 10 m long which can stand a maximum 
tension of 5 Ib-wt. Calculate the maximum velocity of rotation 
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that can be given to the stone and the greatest number of revolu- 
tions per minute which the stone can make without breaking the 
string. 2 

(c) What do you mean by angular momentum ? Explain the 
principle of conservation of angular momentum. 


Group—B ~ 
Answer any two questions. 
3. (a) State Newton’s law of gravitation. 
What do you mean by acceleration due to gravity ? 
Which one is greater—the attraction of the earth on 1 lb of 
lead or the attraction“of 1 Ib of lead on the eatth ? 2+1+1 
(b) What should be the velocity in km/hour of an earth 
satellite revolving at a height of 1600 km. above the surface of the 
earth in a circular path with the centre of the earth, assumed 
spherical ? 
Given, radius of the earth=6400 km, mass of the earth 
_ =6X 10°” gm, and G=6'7 x 107° C.G.S. units. 1+1 
(c) The point of suspension of a simple pendulum moves with 
a uniform acceleration in the horizontal direction. How is the 


period of the pendulum affected ? 1 
(d) A person will feel weightless on an artificial satellite of the 
earth—explain. 2 
4, (a) Define è stress; strain, Poisson’s ratio. 3 
(b) State Hooke’s law. 2 


What do you mean by Young’s modulus ? 

What are the units of Young’s modulus in CGS and MKS 
systems ? 1+1 

(c) Two wires of different materials are of equal length. 
One is of diameter 1 mm and other 3 mm. They are each stretched 
by the same tension. The elongation of the first is thrice that of 


the other, Compare their Young’s moduli, 3 
5. (a). State Pascal’s law for transmission of pressure through 
liquid, 2 


Explain the principle of working of a hydraulic press, 
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(b) A solid wooden cylinder is placed in a container in contact 
with the base in such a manner, that when water is poured into 
the container, no water can g0 beneath the solid. Will the 
cylinder float up? Give reason for your answer. 

(c) At what depth under water will the pressure be three 
times the atmospheric pressure ? Assume the atmospheric to be 
10° dynes / sq. cm. ; 3 

6. (a) State the conditions of equilibrium of floating bodies. 2 

A rectangular parallelopiped of wood 5 cm long, 4cm broad 
and 3 cm high floats with 2°5 cm of its height immersed in water. 
Find the density and weight of piece of wood. 3 

(b) A solid weight 23,75 gms. in air and 12.5 gms. when 
totally immersed in a liquid of specific gravity 0'9. Calculate the 
specific gravity of the'solid. Also calculate the specific gravity of 
the liquid in which the solid would float with three quarter of its 
volume immersed in the liquid. 5 


Group—C 
Answer any two questions 
7. (a) What are the fixed points of a thermometer ? 
What do you mean by the fundamental interval of a 
thermometer ? f 1+1 
(b) A faulty thermometer reads 0'5° at the ice point and 105°5° 
at the steam point. Find the correct temperature in centigrade 


scale when this faulty thermometer reads 52°5°. #7) 
(c) State the advantages of using mercury as a thermometric 
substance. 3 
(d) Define co-efficient of linear expansion of a solid. 1 


Show that it does not depend on the unit of length but depends 
upon scale of temperature. 2 
Or, (a) Establish relation connecting the coefficients of linear 
and volume expansions of a solid. 3 
(b) Ifthe gap between two consecutive tails of a railway line, 
each 66 ft long, is 0'5 inch at 10°C, at what temperature will the 
two rails just touch? (« for iron=11x 10-°/"O) 2 
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(c) Describe the method of determining the co-efficient of 
apparent expansion of a liquid by weight thermometer. 3 

(d) An isoceles triangle is formed with three zinc rods. What 
will be the change of the base angle if there is change of tempera- 
ture? Give reasons for your answer. 2 

8. (a) Define: Calorie, British Thermal Unit, Therm, 
15°-Calorie. 

(b) Specific heat of copper is 0'09—explain. 

Distinguish between thermal capacity ard water equivalent. 

(c) The densities of two substances arein the ratio 2:3 and 
their specific heats are in the ratio 0°12:0'09. Compare their 
thermal capacities per unit volume. 2 

9. (a) Find the result of mixing 50 gmof water at 10°C and 
15 gm of ice at 0°C. Latent heat of fusion of ice=80 cal/gm. 3 

(b) Give two natural examples of cooling by evaporation: 2 

(c) State the first law of thermodynamics. What is meant by 
the mechanical equivalent of heat ? 

(d) The temperature of a piece of metal rises br 1'4°C when 
it falls from rest through 90 m on the ground. If # of the heat 
generated goes to raise the temperature of the metal, then what is 
the value of the mechanical equivalentof heat? (Specific heat of 
the metal=0'1 : g=980 cmfsec?). 3 

10, (a) State the fundamental assumptions of the kinetic 
theory of a perfect gas. 

(b) What do you understand by the root mean square 
velocity ? 1 

(c) The thickness of an iron plate is 4 mm and the area of its 
face is 150 sq. cm. If the temperatures of the two opposite faces 
of the plate be 100°C and 30°C respectively and the heat conducted 
from one face to the other in 1 second is 3940 calories, find the 
coefficient of thermal conductivity of iron. 4 

(d) Explain: A blackened vessel is preferred to a polished one 

. for cooking ; 
Birds puff up their feathers on a cold day. Why? 2 
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Group—D 
Answer any one question s 
11. (a) Prove that the motion of a simple pendulum is simple 
harmonic. 3 
(b) Write down the equation of a S. H. M. with an amplitude 
2cm, initial phase 0° if 150 oscillations are performed in one 


minute. 2 
(c) State Newton's formula for the velocity of sound in a gase 
What is Laplace’s correction ? 2 


(d) The frequency of a tuning fork is 400 per sec. and velocity 
of sound is 320 metres per sec. Find how far the sound will travel 
in air when the fork executes 30 complete vibrations. 2 

Explain: Formation of beats ; 3+3 

Doppler effect. 
12. (a) State the laws of transverse vibrations of a stretched 


string. 3 
(b) Describe the resonance column method of finding the 
3 


velocity of sound wave. 
() Two wires whose lengths are in the ratio of 3: 2 are 
stretched with equal tension and they emit the same note. If the 
wires are of different materials and if their radii be in the ratio 
of 1: 3, compare their densities 5 
(d) Explain the formation of echo. 2 
A man fires a gun standing between two parallel cliffs. He 
hears the first and the second echoes after 1g and 2% seconds 
Find the distance between the cliffs. Given, velocity 


respectively. 
2 


of sound in air=1200 ft/sec. 
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PHYSICS ( Ist Paper ) 
Group—A 

Answer any Two questions 
ss pl (a) Establish graphically the equation s=ut+4{t* 
uy É, s and t have usual meaning. 4 
< (b) Uniform retardation is produced by applying brakes when 
a3, train is moving with uniform speed of 45 miles per hour and the 
` train Comes toa stop after one minute. Calculate the rate of 
AN retardation and find also the distance traversed by the train after 
an the application of the brakes, if 
2. (a) Write down the laws of static friction. What do on 
_ mean by the angle of repose of an inclined plane? Obtain the 
relation between the coefficient of friction and the angle of 
=, Fepose. 
= ) A body, moving on the ground with a speed of 15 m 
per hour, comes to rest. The coefficient of friction between the 
ar Btound is 022. Calculate the distance traversed by the body on 
the ground before it comes to a stop. 2 
sr V Or, Give an example ‘of the disadvantage of friction’, How is 
it minimised ? 2 
~~ &(@) Define work and power. Write down their units in 


. 


‘| 


(b) Obtain the relation between Horse Power and Watt. 3 
(©) A train moves with the speed of 50 miles/hour against a 
force of 1,200 Ib. wr, Calculate the power of the engine in H. Ps 2 
r 4. (a) What do you mean by fictitious force? Why is the 
Centrifugal force known as a fictitious force ? 2 

(b) How is the weight of a terrestrial body affected by the 

earth's diurnal rotation ? a4 

a A stone of mass 500 gms is tied at one end of a thread and 
is rotated along a circular path of diameter 200 cm in a vertical 
lane with the speed of 4 metrelsec. Calculate the tension of 


_ the thread when the stone is at its highest and lowest positions. 
(580 nla") ‘ 
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Group—B 
Answer any Four questions 
5, (a) Discuss how tbe acceleration due to gravity changes as 
one goes above the earth's surface and also within the earth, What 


i would be the weight of a body, placed at the centre os the earth f 


A straight tunnel is dug passing from the northpole to the south- 
pole of the earth, What would be the motion of a body if it is 
dropped into the tunnel ? 6 

(b) A body is dropped from a balloon when it is at a height 
of 390 metres from the earth’s surface during its ascent. It is 
found that the body reaches the ground after 10 seconds, If the 
acceleration due to gravity be 980 cm/sec”, calculate the speed of 


* ascent of the balloon at the time whan the body is dropped from it. 


4 

6. (a) State Archimedes’ Principle and verify the same 
experimentally. 6 
(b) The weights ofa body in air and water are respectively 
50 gms and 30 gms. What would be its weight ina liquid of sp’ 
gr. 0.87 Calculate the sp. ge. of the body in relation to the liquid, 4 
7. (a) What do you mean by the standard atmospheric 
pressure ? What will be your conclusion if there is sudden drop of 
height of mercury in a barometer ? Calculate the value of the 
standard atmospheric pressure in the C.G.S unit. (9980 
cm/sec" 5) 5 

Density of mercury 136 gm/cc. 

(b) Explain the principle of action of a siphon- Explain under_ 
what conditions a sipbon does not work. 5 
8. (a) Define the coefficient of linear expansion of a solid, 


and the coefficient of superficial expansion of a solid. 4 
| (>) The density of brass at OC is 78 gwlcc Calculate its 
density at 100°C. 
Coefficient of linear expansion of brass 
=180x10°*/'C 2 
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(c) Two plates of copper and iron of identical shape and size 


are rivetted together. What will happen to the combined system 


if the temperature be raised ? 
Explain your answer with a diagram. Give an example of the 
' practical application of such a bimetallic strip. 4 

9, (a) Define the pressure and volume coefficients of a gas. 

Prove that in the case of an ideal gas these two coeffcients are 
‘equal. 5 

(b) Define the sp. heat and the latent heat of fusion. A 
calorimeter of water equivalent 30 gms contains 270 gms of water 
at 30°C. A piece of ice of mass 10 gms at— 10°C is dropped into 
the calorimeter. Calculate the final temperature of the mixtures 
(Sp. heat of ice=0'5) 5 

(Latent heat of fusion of ice=80 cal/gm ) 
_ 10. (a) Define dew point and relative humidity. How are 
they affected by the temperature of a room ? 

The temperature and the dew point in a room are respectively 
26.5°C and 14°C ona certain day. The aqueous tensions at 14°C, 
26°C and 27°C are respectively 12°00 mm, 25°00 mm and 26°60 mm 

of mercury. Calculate the relative humidity in the room. 

(b) What do you mean by mechanical equivalent of heat ? 

The temperature of water at the top of a waterfall is less than 
that its bottom by 047°C. Ifthe work done by water in falling 
through the height of waterfall is fully converted into heat, 
calculate the height of the waterfall, 4 

ad g=980 cm/sec*, J=4'2 x 10” ergs/cal 


Group—C 
Answer any Two questions 
11. (a) What do you understand by simple harmonic motion ? 
What is meant by time period ? 
(b) What do you mean by forced vibration and resonance ? 
‘Explain their difference by giving examples. 4 
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12, (a) Show that the sum of the potential energy and kinetic 
energy of a particle esecuting S. H. M. is a constant. 4 
(b) The time period and amplitude of a particle, executing 
S. H. M., are respectively 12 secs and 13 cm. Calculate the velocity 
of the particle when it is 5cm away from the mean position of 


1 3 
13, (a) How isa stationery Wave formed? What are its 


characteristics ? 3 
(b) Show that only the odd harmonics are produced in the case 


of vibration of an air column in a tube closed at one end. 4 


rest. 


1985 
PHYSICS ( 1st Paper ) 


Group—A 


Answer any two questions 


1. (a) Establish graphically the equation y*=u*+2fs where 

w n, f and s have usual meaning. 4 
i (b) The initial velocity of a train is 30 miles per hour and the 

_ velocity of the train becomes 15 miles per hour after moving 
through 363 ft with uniform retardation. How far will it move 
further before stopping if it moves with the same uniform 
tetardation ? 4 
2. (a) Define power and write down it units in C. G. S. and 

M. K. S. systems. 3 
(b) What do you understand by the law of conservation of 
energy ? Give a few examples. ` 2 
(c) Ifa body of mass 100 gms be falling freely from a height 
ina downward direction calculate its kinetic energy 5 seconds 
after:the beginning of downward falling. [g=980 cm/sec’] 3 
3. (a) What do you mean by relative velocity ? Two particles 

are moving with velocities u and y tespectively making angle 0 
between them. Obtain the relative velocity of one particle with 
respect to the other. 4 
(b) One ship is moving due east with a velocity of 9 kms per 
hour and another is moving due south with a velocity of 12 kms 
per hour. What would be the velocity and direction of motion 
of the first ship with reference to the second ? 4 


Group—B 
Answer any four questions 


4. (a) State the laws of gravitational attraction and explain 
what you mean by universality of the law of gravitation 2 
(b) Write down and explain the laws of a freely falling body. 3 
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(c) A body is thrown vertically upward with a velocity of 80 
ft per sec. If the acceleration due to gravity be 32 ft/sec* find the 
time of ascent. How far will it ascend and what will be its 
velocity midway ? 3 6 


5. (a). Write down Hooke’s law of elasticity. Explain how 
you can verify the law experimentally. What do you understand 
by elastic limit? Define Young’s modulus of elasticity and 
Poisson’s ratio. 6 

(b) An 8 kg weight is suspended at the end of an iron wire 
2 metres log and 1mm in diameter. Calculate the elongation’ of 
the wire if Young’s modulus of iron be 2x 10% dynes/cm?, 

[g=980 cm/sec?] 4 

(c) The diameters of two pistons of a hydraulic press are 4 
i inches and 40 inches respectively. The arms of the lever of the 
_. press are respectively 6 inches and 3 ft. A force of 50 Ib is applied 
at the end of the longer arm of the lever Calculate the thrust on 
the larger piston. è 5 

“7. (a) What is the distinction between heat and temperature. ? 
Establish the relation between the Celsius and Fahrenheit scacles, 

(b) Obtain the temperature at which the readings of Celsius 
and Fahrenheit Thermometers will be the same. 2 

(c) The lower and upper fixed points of a thermometer are 
05° and 101° respectively. What will be the reading of this 


thermometer at 60°C ? ; 4 
8. (a) Define real and apparent coefficients of expansion bf a 
liquid and establish the relation between them 4 


=  i(b) The internal volume ofa glass flask is vcc. Find the 
' yolume of mercury that must be kept within the flask so that the 
volume above the mercury remains the same at all temperatures. 3 — 
«Coeff. of vol. expansion of mercury=0°00018/°C 
|. Coeff. of linear expansion of glass=0°000009,°C. 
.(c) Avalloy contains 60% copper and 40% nickel. A piecè ‘of 
this alloy of mass 50 gms is heated to 50°C and then’ dropped ‘into 
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140 gms of water at 20°C kept in a calorimeter of water-equivalent 
of 10 gm, Calculate the final temperature of the mixture. 3 
Sp. ht of copper= 0.09 ; 
Sp. ht, of Nickel=0.11, 

9. (a) Write down the different methods for transmission heat 
and explain the difference between them. Explain why ventilators 
are placed near the ceiling of a room, 5 

(b) There are five glass windows ina room, the area of the 
glass af each window and the thickness of the glass being 2 sq. m 
and 2mm respectively. The temperatures of the inner and outer 
surfaces of the glass are 20°C and—5°C respectively, Calculate 
the amount of heat flowing out from the room per min, through 
the windows by conduction. 

Conductivity of glass=0'002 C.G.S. Unit. 5 

Or. (a) Write down the basic assumptions of the kinetic 
theory of an ideal gas. Explain the concept of pressure and 
temperature of an ideal gas with the help of the kinetic theory, 5 

(b) The R, M, S. velocity of a hydrogen molecule at N.T,P. 


is 1°85 km/sec. Calculate the density of hydrogen gas. 3. 
Group—C 
Answer and two questians 
10. (a) What do you understand by beats? Explain the 
formation of beats. 3 


(b) Two tuning forks produce 6 beats per sec. The frequency 
of one of the forks is 312/sec, If the mass of a prong of the fork 
of unknown frequency be increased gradually by fixing small 
amounts of wax on it, at atime the beating frequency gradually — 
decreases to 3fsec. Calculate the frequency of this fork, Explain 
whether it is possible to produce 6 beats per sec. again by increasing 
the mass of the prong further. 4 


1L (a) Write down and explain the laws of transvesre 
vibration of a string. st 
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(b). Asonometer wire of length 75 cm is in unison with a 
tuning fork. Ifthe length of the wire be decreased by 3 cm then 
it produces 6 beats per sec. with the fork. Calculate the frequency 
of the fork. 4 
12 (a) A person sets his watch at 27°C by hearing the sound 
of a gun-fire from the fort at a fixed hour and finds that the watch 
runs behind correct time by 10 seconds. Explain the reason. If 
the velocity of sound ‘at O°C be 330 metres/sec. calculate the 
distance between the person and the fort. 3 

(b) Anengine is advancing toward a hill with a velocity of 
30 miles/hour by whistling sound of frequency 224/sec. Calculate 
the frequency of sound which is heard by the driver of the engine 
after the reflection of the sound from the hill. Assume the velocity 
of sound in air to be 1080 ft/sec. 4 


1986 
PHYSICS ( First Paper ) 


Group—A 
Answer any two Questions 

1 (a) Establisly graphically the equation S=ut+d ft", a 
1 fy s and t have their usual meaning, 

(b) A particle moving along a straight line with siete 
acceleration describes 145 cm and 185 cmin the sixth and the 
tenth second respectively. What distance, will it cover in the 
sixteenth second ? 3 

mc) Allparticle moves ‘a’ metres along a straight line and then 
it moves ‘b’ metres along a direction making angle 9 with the 
original direction. Obtain the resultant displacement of the 

3 
2. (a) Define centripetal force and establish an expression for 


the same. Why is centrifugal force called a pseudo force ? 5 
(b) Explain the effect of diurnal motion of the earth on the 
weight of a body on the surface of the earth. 2 


34 


(c) Establish the relation between linear velocity and angular 
velocity. 3 
3. (a) What is work ? Define joule, erg and watt. 4 
(b) What is meant by potential energy and kinetic energy? 2 
(e) Deduce an expression for the kinetic energy of'a body 


moving with linear velocity u. 4 
Group—B 
Answer any two Questions 
4, (a) Write down the laws of simple pendulum. 4 


(b) Explain how the height of a hill can be determined by 
determining the time periods of a pendulum at the foot and top of 
the hill. 3 

. (c) The length of a simple pendulum is'four times the length 
of another simple pendulum. If the time period of the pendulum 
of longer lengthiis 6 secs., calculate the time period of the other 
pendulum. ; 3 

5. (a) Define Young’s modulus of elasticity. Same weight is 
suspended at the lower ends of two wires of same length but of 
different material. The diameters of the wires are 0'4 mm and 
0°6 mm respectively. Ifthe elongation of the first wire is three 
times the elongztion ofthe sécond wire, compare the Young’s 

- modulii of the materials of the two wires. 1+3 

(b) What: should be the velocity’of an artificial satellite of the 
earth so that it may revolve round the earth along a circular orbit 
300 km above the earth's surface? Explain weightlessness of a 
body on an artificial satellite. What is meant by escape-velocity ? 

g=980 cm/sec? ; Radius of the eartth=6400 km. 3+2+1 

6. (a) State Archimedes’ Principle. How would you verify 
the same experimentally ? 4 

(b) A body is floating on:water witha portion of the body 
immersed. Will the body float up or down if the entire air above 
the body be removed ? Give reason for your answer. 3 

(c) The internal and external diameter of a hollow sphere is 

= 6cm and 8 cm respectively. If it floats just fully immersed ina 
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liquid of sp. gr. 12, find out the density of the material ot the 


sphere: ` 3 
7. (a) What do) you meañ by tt © tatement that normal 
atmospheric pressure is-76 cm of mercury column ? 2 
(b} What is a siphon? Explain its principle of action. 
Mention the conditions for the working of:a siphon. 6 


(c) Calculate the limiting height of obstacle for siphoning 
kerosene oil of sp. gr. 0'80 from one vessel to another when the 
atmospheric pressure is 76 cm of mercury. Density of Hg=13'5 
gm/cc. 2 

Group—C 
Answer any two Questions 

8. (a) Define coefficients of linear expansion, surface expansion 
and volume expansion of a solid. Establish the relation between 
them. 6 

(b) A metre scale, made’ of steel,fis“correct at 10°C. What 
would be the correct distance between two consecutive cm-markings 
on this scale at 30°C and 60° F ? 1+2 

A brass rod’ measured with the help of the above scale at 30°C 
is found to be 5 metre long. What would be the correct length of 
the rod at 10°C ? Coeff. of linear expansion of steel=12 x 1078 /°C. 
Coeff. of-linear expansion of brass =18 X 107 8/°C. 3 

9, (a) State Boyles’ aw and Charles’ law. Establish the 
equation of the state fora perfect gas. How can you obtain the 


absolute’ scale of temperature from Charles’ law ? 7 
(b) Deduce the relation between the volume and pressure 
coefficient of an ideal gas. ; 5 


10. (a) Define water-equivalent and thermal capacity. How 
do they differ ? A block*of*platinum of mass 200 gms is heated in 
a furnace and then dropped into 650 gms of water at 10°C, kept 
in a vessel of water equivalent 50 gm. If the final temperature of 
the mixture be 25°C, calculate the temperature of theefurnace. Sp. 
heat of platinum= 0'030. ; 24143 

(b) Distinguish between vapour and gas. Define dew point 
and relative humidity. 
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The dew point and the temperature on a certain day were 10°C 
and 165°C respectively. The saturation vapour pressures at 10°C, 


16°C and 17°C are respectively 9.10 mm, 13°50 mm and 14°40 mm 
of mercury column. Calculate the relative humidity of the day. 


2+2+2 
11. Write notes on: (a) Effect of pressure on melting point 
- and boiling point. (b) First law of thermodynamics. 6+6 


Group—D 
Answer any two Question 


12. (a) What is simple harmonic motion? Mention its 
characteristics. Show that the principle of conservation of 
mechanical energy holds good in such motion. 1+3+2 

(b) The amplitude of a particle of mass 4 gm executing simple 
harmonic- motion is5cm. The acceleration of the particle is 12 
cm/sec? when it is 3 cm away from the mean position. Calulate 
the velocity of the.particle and the force acting on the particle 
when it is 4 cm away from#the mean position. 2 

13. (a) What are forced vibration and ‘resonance ? 4 


(b) A vibrating tuning fork of frequency 256 vibrations per - 
sec is held near the upper open end of a vertical tube 200 cm long : 


filled with water and water is allowed to run out slowly from the 
lower end. Neglecting end correction, calculate the positions of 
water surface in the tube for first and second resonances. Velocity 
of sound in air=320 m/sec. 4 
"14. (a) Write down Newton's formula for the velocity of 
sound in air. What is its defect ? How was the formula modified 
by Laplace ? 14142: 
(b) Write down the difference between longitudinal and 
transverse wave. How would you establish that light is a trans- 
verse wave ? 2+2 


1 


(a) 


(b) 


1987 
PHYSICS 
(New Syllabus) 


Group A 


Answer any two questions 


Draw and explain the velocity—time graph ofa particle 
moving with uniform acceleration. Explain the nature 
of the graph when the acceleration decreases with time. 


A train begins to move with an acceleration of 2metre/ 
sec? when a man is 9 metres away from a door of the 
tfain. The man begins to run and catches it in 3 sec. 
What is his acceleration ? 

Two particles are dropped from the top of a tower at an 
interval of 2 seconds. Find their relative velocity and 
relative acceleration at a moment when both of them 


"are falling. 


State Newton’s first and second laws of motion, and 
define force from the first law. 


Mass is the measure of inertia—explain. ` 
What do you mean by static friction and kinetic friction ? 


Determine the value of potential energy of a body of 
mass m, situated at a height A. 

Show that “the law of conservation of energy is obeyed 
by a body falling freely under gravity. 

Show that the momentum of a body having mass m and 
kinetic energy Eis Y2mE. i 


= 


ae 


(38) + 
Group B 


Answer any two questions 


(a) State Newton’s law of gravitation. What is universal 
‘gravitational constant ? Find the relation between the 
said constant and the acceleration due to gravity. 


(b) The mass and the radius of the earth are respectively 81 
times and 4 times the values for the moon, Compare the 
accelerations on their surfaces. 


(c) Why does a body feel weightless in an artificial satellite ? 

(a) . State and explain Hooke’s law. 

(b) Draw and explain the loan-elongation characteristic of an 
elastic solid material. 

(c) If the strain be 1% of G1, find the change in length of 
a wire 5 metre long. If the cross-section is 1 sq.mm. and 
load 10 kg.wt., what is the ratio of stress and strain ? 


(d) Define ‘Poisson’s ratio and bulk modulus. 
(a) Compare specific gravity and density. 
(b) A body of density d, is placed slowly on the surface of a 
liquid of density dy and depth h. After time t, the body 
© reaches the bottom of the liquid. Determine the value 
OE t 
(c) State Pascal’s law and with its help, explain the prin- 
ciple of operation of a hydraulic press. ~ 


(a) Explain with the help of diagram the working principle 
of a common pump used for: lifting of water. Discuss 
if there is any upper limit of the height to which water 
can be raised by such a pump. 

(b) If water is used in place of mercury in a barometer, what 
will be the height of the water column at normal atmos- 

pheric pressure ? Density of mercury 13°6 gm/c.c. 


10. 


11: 


(a) 


(b) 


(a) 
(b 


(c) 


(G) 
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Group C 


Answer any two questions 


Define: the real and apparent coefficients of expansion of 
a liquid and establish the relation between them. 

What do you understand by anomalous expansion of 
water? Explain with the help of a diagram the varia- 
tion of volume of a certain amount of water, if tempera- 
ture changes from 0°C to 10°C. 

Give three practical examples where expansion of solids 
has been made use of. 


Define latent heat of ice, dew point and relative humidity. 
What is the difference between evaporation and boiling ? 
When two pieces of ice are pressed together, they form a 
single piece. Explain why. 

If 64,800 calorie of heat is extracted from 100 gm of 
steam at 100°C, what will be the result ? Latent heat of 
steam = 540 cal/gm ; latent heat of ice=80 cat/gm. 


Write down the postulates of the kinetic theory. 

What is mechanical equivalent of heat ? 

Explain isothermal and adiabatic processes. 

A meteorite of mass 42 kg has its velocity reduced’ from 
15 km/sec to 5 km/sec while crossing the atmosphere of 
the earth. What will be the amount of heat produced for 
this change of velocity ? J=4.2 x 107 ergs/cal. 

Define thermal conductivity. 

Write the differences between conduction and convection 
of heat. 

Wind blows from sea to land during daytime but from 
land to sea at night.—Explain. — 

A metallic vessel having surface area of 1 sq. metre and 
thickness 0°5 cm is filled with ice and then placed inside 


(40). 


water at 100°C. How much ice will melt in 36 seconds ? 
Thermal conductivity of metal=0.02 c.g.s. units, latent 
heat of ice= 80 cal/gm. 


Group D 


Answer any two questions 


12. (a) What do you mean by time period ? 

(b) If the angular amplitude and the length of a simple + 
pendulum are respectively ð and Z, find the velocity of 
the bob at the lowest position. 

(c) Show graphically the resultant motion of a particle on 
which two simple harmonic motions of the same frequ- 
ency are superposed (i) in phase and (ii) out of phase. 

13. (a) Explain the difference between progressive and stationary y 
waves. 

(b) An aeroplane is moving parallel tothe ground with a 

„ velocity v. A sound from the plane reaches it again by i 
reflection from the ground after t sec. Find the height” 
of the plane, if the velocity of sound be V. ft 

(c) What are beats ? 

14. (a) State the laws of transverse vibration of a string. 

(b) Determine the relation between the length of a closed 
pipe and the wavelength of the vibrating air co'umn 
inside the pipe. 

(c) What are the characteristics of musical sound ? 
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Group—A 
Answer any two questions. 


1. (a) Show the subtraction of two vectors by a figure. What 
do you mean by the resolution of a vector ? How do you find out. 


the rectangular components of a vector ? 

(b) A man can reach just the opposite point of the bank by’ 
swimming in time t, and canswim the same distance down the 
current in time ts. If the speed of the man in still water be u and 
that of current be v, then find the ratio of tı and fy. 

(c) A man is walking at the rate of 2 km per hour. - The rain 
appears to him to fall vertically with a speed of 2 km/hour. Find 
out the real value and direction of velocity of rainfall. 

2. (a) State Newton’s second law of motion. How can you 
establish the first law from his second law ? 

(b) Show that if a weight is hung from the midpoint of a wire, 
it cannot be kept horizontal. 

(c) Action and reaction are equal and opposite—describe an 
easy experiment to show this. Sith: 

(d) A mass of 2'0 kg is hanging from the hook of a spring 
balance fixed to the roof of a lift. What will be the reading of 
spring balance when the lift is (i) ascending with an acceleration 
of 0'2 m/s, (ii) descending with an acceleration of 0'1 m/s, (iii) 
moving up uniformly with a yelocity of 0°15 m/s ? 

3. (a) Find tae relation between angular velocity and linear 
velocity. Obtain the expression for centripetal acceleration. 

(b) The weight of a body on the surface is less due to diurnal 
motion of the earth—explain. 

& Define Joule and Horse-power. 
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(d) A cycle rider is moving with a speed of 18 km/hour along 
acurved path of radius 20 meter. Find the angle of his inclination 
with the vertical. (g=980 cm/sec?), 

Group—B 
Answer any two questions. 

4. (a) Find out how acceleration due to gravity at a place varice 
with altitude, 

(b) What do you mean by a geo-stationary satellite ? 

(c) Derive an expression for the velocity of an artificial satellita 
` moving in a circular orbit. 

(d) A satellite is moving round the earth in a circular path of 
300 km from the surface. Find out its velocity. Radius of the earth 
=6400 km , g=980 cm/sec®. 

5. (a) Define Young’s modulustand Poisson’s ratio. 

(b) Find out the work dore per unit volume in case of extension 
of a metal wire. 

(c) What is a spring balance ? 

(d) Two ends ofa Steel wire of diameter 4 mm are fixed by 
Supports at 300°C. What will be the force exerted on the supports 
if temperature falls down to 30°C ? Coefficient of linear expansion 
of steel= 10 x 10-4/°C , Young's modulus of steel= 11 x 10*® dynes/ 
em’. 

6. (a) Explain the Principle of action of a siphon, mentioning 
Clearly the conditions under which it will be in action. 

(b) Explain whether the rate of flow of liquid through a siphon 
‘will change if the atmospheric pressure changes. 

(c) How can you determine the height ofa mountain with the 
help of a barometer, if the average density of air is known ? 

(d) Kerosine oil has to be brought over an obstacle by the 
action of a Siphon. What should be maximum height of the obstacle 
for this purpose ? Sp. gr. of kerosine=0'8 , atmospheric pressure= 
76 cm of Hg. a 


f 


43 J 


7. (a) Stat. and explain Archimedes? principle. 


(b) What is buoyancy ? Siow how and on what factors its value 
depends. 


(c) A floating body loses its weight—explain. i 

(d) The weight of a body in air is 0'4 gm. I - „eight along 
with an immerser in water is 3.37 gm. The weight of immerser in 
air is 4'0 gm. Find the sp. gravity of the body. Sp. gr. of immerser 
=80. 

Group—C 
Answer any two questions. 

8. (a) Derive the relation between the coefficient. of cubical 
expansion and coefficient of linear expansion of a solid. 

(b) A metal scale does not give correct value at all temperatures 
—explain. 

(c) The density of glass at 10°C and 60° C is respectively 2°6 
gm/cc and 2'596 gm/cc. Find out the average value of the coefficient 
of linear expansion of glass in this temperature range. 

(d) Explain whether the base angle of an isosceles triangle made — 
by copper rods will change by heating. 

9. (a) State Boyle’s law and Charles’ law. Derive the Ideal gas 
equation from the same. What is the universal gas constant ? 

(b) How can you get Boyle’s law and Avogadro’s law from the 
kinetic theory of gases ? 

(c) How do you get the idea of the absolute zero of temperature 
from Charles’ iaw ? 3 

10. (a) What are the factors on which the rate of evaportsion 
depends ? 

(b) State and explain the fundamental principle of calorimetry ; 
mention the conditions under which it is applicable. 

(c) State the influence of pressure on the melting point of a 
substance. 

(d) A piece of metal of mass 10 gm was heated to 100°C and 
then dropped in a mixture of water and ice. The volume of mixture 
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decreased by 0'1 cc though the temperature remained the same. 
Find the specific heat of the metal. The latent heat of ice=80 Cal/ 
gm. Densities of ice and water at 0°C are 0'916 and 1'0 gm/cc res- 

pectively. - : 

11. (a) State and explain the first law of thermodynamics. 

(b) Describe a method for determining the mechanical equivalent 
of heat. 

(c) At which temperature a piece of wood and a piece of metal 
will appear equally hot on touching and why ? 

(d) The velocity of a meteorite of mass 42 kg changed from 15: 
km/sec to 5 km/sec while passing through the atmosphere. Calculate 
the amount of heat produced during the process, J=4'2x 107 ergs/ 
cal. 


Group—D 
Answer any two questions. 

12. (a) what is resonance ? Explain with an example. 

(b) Show that the equation x=a sin wt represents a simple har- 
monic motion. 

(c) Explain the terms amplitude, Phase and time period of a 
simple harmonic motion. 

13. (a) Discuss the correction made by Laplace to Newton’s 

formula for the velocity of sound in gas. 7 

(b) Explain what information is obtained about its nature from 
- polarisation of light. Why there is no polarisation of sound waves ? 

(c) Find out the velocity of sound in hydrogen gas at N, T. P. 

The density of hydrogen at N.T.P.= 0090 gmljlitre , y= 1'4. 
14. (a) What is interference of waves ? Describe an experiment x 
_ to show the interference of sound wave. 
~ (b) Derive the relation between the fundamentals produced in 
two tubes of same length—one open, the other is closed. 

(c) 5 beats are produced when two tuning forks A and B are 
‘sounded together. Find out the frequencies of the forks, if they pro- — 
duce resonance with 36 cm and 37 cm respectively of air column of — 
4 tube closed at one end. 
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